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ABSTRACT
The integration of conservation agriculture practices can provide benefits to crop
production. In recent years, the number of studies focusing on the effect of conservation
agriculture practices on sustainable agriculture and the environment have increased. In
this study, two different experimental field studies were assessed. In the first study the
objective was to determine the impact of different tillage systems, cover crops and
nitrogen fertilizer rates on soil total organic carbon (TOC), dissolved organic carbon
(DOC), permanganate oxidizable carbon (POXC), total nitrogen (TN) and wet aggregate
stability (WAS) in a long-term continuous cotton experiment established in 1981. Cover
crops significantly increased all the properties measured. No-till significantly increased
WAS and TOC compared to conventional tillage among the soil properties. Overall, notillage and cover crops showed potential in increasing soil parameters measured.
In the second study, the use of biochar on a no-till sandy soil in a continuous
soybean system was investigated. The objective was to evaluate the effect of different
rates of surface applied biochar and sawdust on hydro-physical properties of fluvial
deposits. The highest rate of biochar (82 t ha-1) significantly increased total organic
carbon at two depths (0-5/5-15cm). TOC concentration has increased from 4.1 g/kg to
52.3 g/kg at 0-5 cm and from 1.6 g/kg to 3.5 g/kg at 5-15 cm. The 20.5, 41, and 82 t ha-1
rates of biochar showed higher moisture content compared to the unamended soil,
sawdust and lower rates of biochar. No differences in TN at 0 to 5 cm was observed with
all treatments except the highest rate of biochar.
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CHAPTER I
INTRODUCTION

1

Literature review
Conservation agriculture
The world population is anticipated to reach 9.6 billion by 2050 (Gerland et al.,
2014). With the increasing population, consumption and urbanization will increase the
demand for food, fiber, and fuel production. Conventional agricultural practices will have
to increase agricultural production to meet the food and fiber demands of the growing
population. Many agricultural practices have increased the proportion of soil loss
compared to the rate of soil formation (Amundson et al., 2015). To be able to protect soil
resources and maintain soils, improved conservation agricultural practices should be
encouraged and adopted. Conservation agriculture (CA) practices including cover
cropping, reduced tillage, the use soil amendments (including biochar) and crop rotation
are being encouraged by policymakers to improve soil quality, crop productivity, and
mitigate soil erosion losses (Hobbs, 2007). The important role of these practices is to
focus on regulating the stability in organic carbon (C) soil production and erosion, and
loss and release of nutrients (Amundson et al., 2015). Growing production of agriculture
increases concerns about environmental pollution. Soil and water quality have been
negatively affected by the increasing usage of chemical fertilizer (Khan et al., 2013;
Sobota et al., 2015), and is the accumulation of pesticide residues (Vázquez-Boucard et
al., 2014).
Intensive tillage can be harmful in terms of increasing nutrient loss and soil
erosion. These concerns lead us to search for environmentally friendly agriculture
systems that sustainably meet society's needs (Beniston et al., 2015; Gao et al., 2016).
2

One aim of CA is to improve sustainability and productivity. The Food and Agriculture
Organization of the United Nations (FAO) defines CA as protecting the environment and
enhancing resources, improving sustainable productional profits. The FAO identifies
three principles of conservation agriculture: minimum or no-tillage, crop rotation, and
maintaining a permanent soil cover (FAO, 2015).
Nobel Laureate Norman Borlaug was one of the recognized leaders of the ‘Green
Revolution’ at the International Centre for Maize and Wheat Improvement (CIMMYT) in
Mexico during the 1940s had a positive effect on increasing agricultural productivity in
Latin America and Asia. Improvements in crop yields were mainly attributed to
agricultural technology, such as improved irrigation, crop varieties, and input of
fertilizers and pesticides. Sustainable soil management to create a ‘Doubly Green
Revolution’ including conservation technologies has also been promoted (Tilman, 1991;
Conway and Toenniessen, 1999). Meeting societies' growing food and fiber demands
with decreasing resources and climate change means that we will be required to have
both productive and resilient agricultural systems in the future (FAO, 2004). Future
human population growth will present agriculture with challenges and will require
improved soil fertility management to mitigate food security threats (United Nations
Department of Economic and Social Affairs and Population Division, 2015). More
sustainable practices, innovative tools, and technologies are among the requirements to
have appropriate soil management and to deal with future challenges (Lehmann et al.,
2006; Verheijen et al., 2010). It is estimated that 24% of the total land have degraded
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soils which affects the soil organic carbon stocks dramatically, especially in tropical
regions (FAO and ITPS, 2015).
Short-term studies reveal highly inconsistent results on the impact of conservation
tillage on soil physical properties (Strudley et al., 2008). It typically takes 10 years or
even more of continuous management to observe changes in soil properties under
conservation tillage (Wuest et al., 2006; Hobbs, 2007). The main impact of long-term
conservation tillage on soil properties has been attributed to the maintenance of crop
remaining on the soil surface and decomposition and turnover of the organic material to
the soil (Triplett and Dick, 2008), where residue accumulation on the soil surface and the
required time for the decomposition of residue become significant. The rate of residue
decomposition depends on the soil type, residue characteristics, and climatic factors (Lal,
2015).
Cover cropping
This conservation agriculture practice is defined as “close-growing crops that
improve soil between main crop seasons and provide soil protection” by The Soil Science
Society of America (SSSA). Landscapes are protected from loss of nutrients via leaching
or runoff by cover crops (Reeves, 2018). Weed suppression, carbon sequestration, soil
moisture conservation, reduced nonpoint source pollution, decreased soil-borne pests,
integrated pest management, and favoring biodiversity are some of the advantages of
growing cover crops (Lal, 2015). The application of cover crops promotes light
interference and decreased weed pressure that decreases the use of pesticides and
increases water quality (Dabney et al., 2010; Hansen et al., 2016). Sediment
4

transportation is also reduced from agricultural fields with cover crops by reducing the
velocity and amount of surface runoff (Dabney et al., 2001, 2010; Reeves, 2018). By
increasing organic C content, cation exchange capacity, aggregate stability, and water
infiltration with cover crops soil physical, chemical, and biological properties are affected
positively (Dabney et al., 2010).
No-tillage
No-tillage is one of the most significant CA practices in terms of sustainable
productivity and soil and environmental quality (Palm et al., 2014; Kassam et al., 2015).
No-till started in the 1960s and adoption of it has increased worldwide since then
(Kassam et al., 2015). The amount of land cultivated under no-till management is about
125 million ha globally. Compared to conventional tillage, no-till is applied 9%
approximately worldwide. The country that has the largest no-till land is the USA and
followed by Brazil and Argentina (Blanco-Canqui and Ruis, 2018). In Tennessee over 70
% or more of crop production is under no-till (NASS, 2018). The application of no-till
all over the world has had a positive effect on soil physical properties. Many studies
report on the no-till effect on carbon sequestration, crop yield, soil, and environmental
quality (Palm et al., 2014; Pittelkow et al., 2015; Briedis et al., 2016; Mitchell et al.,
2016; Sanz-Cobena et al., 2017). Compared to conventional tillage and reduced tillage,
there is less soil disturbance and there are more residues on soil with no-till application.
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Effect of cover cropping and no-tillage system on soil physical properties
Wet aggregate stability
Soil physical properties are impacted directly and indirectly as a result of planting
cover crops. Cover crops have been demonstrated to promote the formation of aggregates
and soil pores, and indirectly impact the decomposition of plant residues (Blanco-Canqui
et al., 2014). As soil physical properties improve, other ecosystem services including soil
erosion control, increased soil and water quality, nutrient cycling, carbon sequestration,
and crop production are affected positively. With improved soil physical properties, soil
compaction and bulk density, porosity, and water infiltration are also impacted (BlancoCanqui and Ruis, 2018). Cover crops protect the soil surface, sequester soil organic
carbon, and help to increase below- and above-ground biomass, cover crops can increase
soil aggregate stability (Blanco-Canqui et al., 2013). Additionally, soil water and nutrient
availability are increased, and root growth is improved as a result of soil aggregate
formation. These improvements impact saturated hydraulic conductivity, water
infiltration, and water retention capacity in a positive way. Soil compaction is also
decreased because cover crops have different root types and some cover crop roots can
penetrate compacted soils (Chen and Weil, 2010; Blanco-Canqui et al., 2013).
Blanco-Canqui et al. (2011) reported that wet aggregate stability increased with
cover crops in a silt loam under a 15-year no-tillage system. No-till also decreased nearsurface soil compaction compared to no-cover and tilled management. The same study
found that N fertilizer rates had no impact on increasing wet aggregate stability. There
was also a significant interaction between cover crops and depth, and the relation
6

between wet aggregate stability and soil organic carbon was correlated strongly. In a 5year no-tillage system on a silt loam soil winter cover crops increased wet aggregate
stability (Villamil et al., 2006). Nouri at al. (2019) evaluated the impact of 34 years of notillage and cover crops on cotton yield and soil quality. The results from the long-term
cotton experiment showed that no-tillage management had a positive impact on wet
aggregate stability in a Lexington silt loam soil. Wet aggregate stability in the no-tillage
system was 13% at 0-15 cm and 9% at 15-30 cm higher than conventional tillage (Nouri
et al., 2019). The same study reported that compared to 15-30 cm depth, wet aggregate
stability was higher at 0-15 cm for both management, no interaction was found at any
depth. Corn (Zea mays L.) and soybean (Glycine max L.) planted with rotation and
rye (Secale cereale L.) and hairy vetch (Vicia villosa) covers under no-till in silt loam soil
increased aggregate stability (Villamil et al., 2006).
Under conventional tillage in a sandy clay loam hairy vetch and crimson clover
(Trifolium incarnatum) improved wet aggregate stability after three years (McVay et al.,
1989). Blanco-canqui et al. (2014) conducted a study in silt loam soil under a no-till
system. At 0-2.4 cm depth, cover crops had a positive effect and increased wet aggregate
stability 1.4 times compared to no-cover control. The same study also tested stover
removal impact's on aggregate stability, and they found that wet aggregate stability and
soil organic carbon reduced by 29% and 9% with stover removal at 0-2.4 cm. When the
inorganic N rate increased from 125 to 200 kg ha-1, wet aggregate stability decreased up
to 1.3 times at the same depth.
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Crop residues left on the soil surface in no-till systems, will increase soil organic
carbon and the decreased soil disturbance reduces soil carbon loss. Wet aggregate
stability increases as soil organic carbon that induces macro aggregation increases
(Blanco-Canqui et al., 2013). The positive relation between soil organic carbon and wet
aggregate stability is because soil organic carbon can form and stabilize aggregation
(Blanco-Canqui et al., 2014). While cover crops usage improves soil aggregation, it also
decreases compaction in the soil. Aggregates are protected from the energy of raindrops
and breakdown by cover crops because cover crops decelerate wind and water velocity
and protect soil from erosion (Decker et al., 1994; Dabney et al., 2010).
Effect of cover cropping and no-tillage system on soil chemical properties
Many studies have focused on the effect of cover crops on soil nutrient
management. Nutrients are used by cover crops during winter and released back when
residues decompose. Thus, nutrient loss through runoff is reduced until the next growing
season (Kleinman et al., 2005; Dabney et al., 2010; de Oliveira et al., 2017).
Cover crops have been demonstrated to play a substantial role in soil nitrogen (N)
management. Leaching and denitrification are also reduced with cover crops. Legume
cover crops fix atmospheric nitrogen and build up soil N that helps productivity and yield
of subsequent cash crops while reducing inorganic N fertilizer requirements (Dabney et
al., 2010). Cereal rye (Secale cereale) cover crop is effective in conserving N by
scavenging and recycling residual soil nitrate leading to a return of significant amounts
for the following cash crops (Dabney et al., 2010).
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The adoption of no-tillage management has a gradual impact on soil physical
properties, while the chemical properties can alter more rapidly due to the surface
application of lime and fertilizers. Stinner et al. (1983) reported an insignificant
difference in soil physical properties between conventional tillage (CT) and no-tillage
(NT) management and concluded that due to fast decomposition of crop residue in
relatively warm and moist southeastern USA after 5 years of no-till.
Soil organic carbon
Soil organic carbon (SOC) sequestration plays a significant role in soil and also is
an indicator of soil productivity and soil quality by impacting aggregate stability, soil
nutrient and water holding capacity (Franzluebbers, 2002; Jagadamma and Lal, 2010).
Several factors such as cover cropping, crop rotation, type of crop, and tillage system
affect soil organic carbon sequestration (Jagadamma et al., 2019). The effects of
management changes on soil organic carbon can be variable. Huggins et al. (2007)
reported that soil organic carbon was 15% higher in continuous cotton than continuous
soybean under no-tillage in clay loam. No-till systems increased soil organic carbon
almost 20% more compared to moldboard plow in clay loam. Soil organic carbon
decreased under moldboard plow compared to no-tillage (Huggins et al., 2007). It was
reported that cover crops had a positive impact on SOC stocks. The SOC range was
between 0.1-1 Mg/ha yr (Blanco-Canqui et al., 2015). Compared to soybean, cotton and
corn increased soil organic carbon significantly in silt loam soil (Jagadamma et al., 2019).
Jagadamma et al. (2019) reported that a continuous cotton system increased soil organic
carbon significantly at (15-22.5 cm – 30-45 cm) depth with 4.69 and 3.79 Mg/ha
9

respectively. In the same study hairy vetch and wheat covers in cotton under no-tillage
and conventional tillage did not affect soil organic carbon. Although soil organic carbon
ranged from 10.1 g/kg to 11.4 g/kg, cover crops did not show a statistical difference in
Lexington silt loam in Tennessee (Chu et al., 2017).
Singh et al. (2020) compared the impact of different tillage systems and cover
crops soil organic carbon in a 39-year continuous soybean study. Results showed that the
no-tillage system in combination with wheat as a cover crop and double cropped wheat
and soybeans were 39% 69% and 51% higher respectively than moldboard plow in
Lexington silt loam soil in Tennessee. No, differences were observed between chisel, disc
and moldboard plow. Compared to disc and chisel plow, no-tillage, and no-tillage used
with wheat/soybean did not increase soil organic carbon significantly. They did not find
any significant result among all three no-tillage systems and reported that no-tillage is a
better solution in increasing than leaving more residue on the soil surface by considering
the climate of the region (Singh et al., 2020). The changes in soil organic carbon are
mainly attributed to the tillage system, cover crop duration, type of soil, and climate of
the region (Blanco-Canqui et al., 2015).
Permanganate-oxidizable carbon (POXC)
POXC is a fast and inexpensive method of qualifying active soil organic carbon
(Culman et al., 2012). The extraction method (active carbon method) that is called POXC
was developed by Weil et al. (2003). POXC is closely correlated with microbial biomass
carbon, microbial activity, and total soil organic carbon (Weil et al., 2003). The positive
relation between POXC and microbial biomass was also described by (Culman et al.,
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2012). Culman et al. (2012) collected soil 1379 samples from 53 sites all over the United
States. They demonstrated that the correlation between POXC and soil organic carbon
was significant in every study. Jagadamma et al. (2019) found that soybean planted with
wheat cover under no-tillage increased POXC 562 mg/kg significantly compared to
moldboard tillage 204 mg/kg at 0-2.5 cm depth. At depth 2.5-5 cm, while no-tillage
planted with wheat was 400 mg/kg, moldboard tillage was 245 mg/kg in the soybean
system. no-tillage (620 mg/kg) had significant result on POXC at soil surface (0-2.5 cm)
compared to conventional tillage (454 mg/kg).
Singh et al. (2020) reported that wheat/soybean which are both main crops and
only wheat planted under no-tillage increased POXC significantly compared to chisel,
moldboard, disc plow, and no-tillage on a Lexington silt loam soil. They reported that notillage showed no effect compared to tillage. While leaving residue did not affect
increasing total soil organic carbon, it improved POXC fraction in a Lexington silt loam
soil in the same study. Compared to disc, chisel till and no-till was significantly higher in
increasing POXC in silt loam soil in a 53-year study. The increase in POXC is attributed
to being long-term studies and depth soil collected (>30 years) (Awale et al., 2017).
Dissolved organic carbon
Water extractable soil organic carbon forms a small part of total soil organic
carbon although it is the most active organic carbon fraction that is available for
microbial uptake and can control soil chemical, physical and biological properties
(Marschner and Kalbitz, 2003; Scaglia and Adani, 2009). There are many laboratory
techniques available to extract soil organic carbon fractions including dissolved organic
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carbon (DOC) and POXC. It was reported that treatments (tillage/no-tillage systems) had
an insignificant impact on water-extractable soil organic carbon after 39 years of the
management (Singh et al., 2020).
A study that has established in 2004 showed that no-tillage enhanced DOC
significantly at 0-10 cm depth in silt loam soil. They reported that whereas no significant
effect was found below 10 cm, no-tillage had 37.3% more DOC content than
conventional tillage (Si et al., 2018). Singh et al. (2019) measured soil carbon
accumulation and nutrient availability in a silt loam soil in east Tennessee. They found
that undisturbed woodlot and grassland had a more DOC and were significantly greater
than continuous soybean and corn/soybean rotation at 0-5 cm (Singh et al., 2019).
Biochar
Biochar is a carbon-rich product produced by heating organic material such as
manure, leaves, or wood in a fully closed container or with limited oxygen (O2) at low
temperature (< 700 ℃) (Lehmann and Joseph, 2012). In the Amazon region indigenous
soil management practices which include the addition of charcoal or biochar to the soil
lead to the development of black or terra preta soils. These terra preta soils have a
higher soil organic matter when compared to other soils in the region (Glaser et al., 2001;
Cecka et al., 2008).
Biochar has been demonstrated to improve nutrient-use efficiency and soil
fertility using renewable and locally available materials. Biochar which is made by
agricultural wastes and organic matter between 300 °C and 1000 °C temperatures with no
or restricted oxygen is a porous and carbon-rich material and because of its recalcitrant
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characteristic, biochar might have a long period positive effect on soil's physical,
chemical and hydraulic properties and crop productivity (Verheijen et al., 2010; Spokas
et al., 2012). The production of biochar does not necessarily require new resources and
can be made from locally available biomass sources. Farmers in limited agroecosystems
can produce biochar by using organic biomass and residue fuels without compromising
energy efficiency while delivering fast return on investment. Biochar is considered a soil
amendment that is environmentally friendly for sustainable agriculture (Glaser et al.,
2002).
Biochar is more stable than any other soil amendments and some biochars can
increase nutrient availability (Lehmann et al., 2011). This means that biochar is not
merely another type of compost or manure that improves soil properties, but biochar has
much more effect on raising soil quality than other organic soil amendments and can
improve soil physical and chemical properties (Lehmann, 2007a). Biochar is more
resistant to microbial decay than other soil organic matter (Cheng et al., 2008).
In both industrialized and developing countries, soil loss and degradation are
occurring at significant rates (Stocking, 2003). In many regions, soil loss in combination
with agrochemical use has had a negative environmental impact on soil and water
resources (Robertson and Swinton, 2005). Biochar has the potential in some soils to
increase soil fertility and also to decrease the environmental impacts on soil and water
resources. Meta-analyses have demonstrated the effectiveness of biochar in amending
coarse-textured and degraded soils (Jeffery et al., 2011; Crane-Droesch et al., 2013). The
quality of the source material to produce biochar, temperature, production process, soil
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type in which biochar is used and the amount of biochar applied are important factors that
determine the effectiveness of different biochars as a soil conditioner (Spokas et al.,
2012). Biochar should not be thought of as an alternative to existing soil management,
but as a significant application that expedites the development of sustainable land use:
creating a truly green 'Biochar Revolution'(Lehmann, 2007a).
Effect of Biochar on Soil Physical Properties
Saturated Hydraulic conductivity (Ksat)
It has been demonstrated that the impact of biochar on Ksat depends on the soil
and the properties of the biochar. In some cases the effects might be positive, in others
negative or even neutral (Obia et al., 2017). Decreased Ksat was found after application of
biochar in sandy loam soil in Alabama (Githinji, 2014). Increased Ksat was observed as a
result of biochar addition in a sandy loam in Germany (Ajayi et al., 2016). Castellini et al.
(2015) reported that biochar application showed no effect on Ksat in fine loamy soil in
Italy (Castellini et al., 2015). Increased application of biochar to fine sand increases the
rate that the fine pores filled, and the saturated hydraulic conductivity decreases. The
opposite result has been found in the finer-textured sandy loamy silt. Biochar increased
Ksat slightly due to the level of pore organization (Ajayi and Horn, 2016). The application
of biochar in coarse-grained soils also reduces the saturated hydraulic conductivity due to
its finer particles (Kinney et al., 2012; Lim et al., 2016).
Biochar's water repellent nature has a negative correlation with the pyrolysis
temperature. Biochar produced with low temperature shows high water repellency
(Kinney et al., 2012; Jeffery et al., 2015). Over 500 °C, biochar produced from
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applewood and corn stover can demonstrate no water repellent effect (Kinney et al.,
2012).
Bulk density
The application of biochar can have a positive effect on soil hydraulic and
physical properties such as total porosity, water-holding capacity, pore structure, water
retention, and bulk density (Basso et al., 2013; De Melo Carvalho et al., 2014; Burrell et
al., 2016). Blanco et al. (2017) observed that biochar made from corn residue and peanut
shells reduced bulk density in loam soils. As the rate of biochar increases, bulk density
decreases gradually in sandy loam (Blanco-Canqui, 2017). Biochar applied below 60 t ha1

had a higher impact on decreasing bulk density than biochar applied above 60 t ha-1 in

clay loam (Rogovska et al., 2016). Pratiwi and Shinogi (2016) reported that 50 t ha-1
biochar usage showed no effect on bulk density in loam soil (Pratiwi and Shinogi, 2016).
The mechanism that can reduce bulk density after the application of biochar is that
biochar's bulk density (<0.6 g/cm3) is lower than soil (~1.25 g/cm3), and can improve
porosity and aggregation in the long term by interacting with soil. Biochar is gaining
popularity, but most of the studies that demonstrate biochar's effect are less than 4 years
(Blanco-Canqui, 2017).
Soil moisture
Soil available water capacity is affected by soil organic matter. Low soil organic
matter can result in low soil available water capacity (Mbagwu, 1989). Biochar addition
may influence and change soil physical properties (soil water retention and aggregation)
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as well as soil chemical properties (Piccolo et al., 1996). Since pyrolysis condition,
temperature, and feedstock types affect physical characteristics of biochar, biochar
demonstrated inconsistent results on soil water retention (Mukome et al., 2013). High ash
content, surface area (over 400 m2/g) and being recalcitrant to decomposition are seen in
biochars produced over 550 °C temperature (Ronsse et al., 2013). It is suggested that the
ideal temperatures for pyrolysis are between 400-600 °C to have appropriate hydrological
conditions (Kinney et al., 2012). Biochar’s impact on soil water retention depends on soil
type and biochar combination (Verheijen et al., 2010; Wang et al., 2019). Application of
biochar can affect soil water retention by changing the pore-size distribution, adding
porous substances to the soil, increasing aggregation and soil surface area, and decreasing
bulk density. Biochar is considered as a soil amendment practice for the long term (> 5
years) but most studies measure soil water retention in soil systems where biochar has
been recently applied, so results are often inconsistent and do not accurately represent the
aging process for biochar in the field (Wang et al., 2019). It was found that plant
available water, micro porosity, total porosity, and specific surface area increased on
coarse-grained soil where biochar had been applied, due to the fine biochar particles
filling large-sized pores which are transformed to medium and fine pores (Ajayi and
Horn, 2016: 2017). In other studies, no differences were observed. For example, after the
application of 47 Mg/ha biochar produced from acacia whole tree green waste on a sandy
loam in Australia no differences were observed on soil moisture content (Hardie et al.,
2014). Application of biochar at 20 t ha-1 increased soil field capacity in coarse-textured
soil but no effect on wilting point in silt loam and fine sandy soils (Wang et al., 2019) .
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Glaser et al. (2002) reported that the addition of biochar increased soil water retention in
sandy soil but had no effect in a loamy soil.
It is hypothesized that since biochar stores water within the pore spaces, it
increases soil water retention (Basso et al., 2013) and increase water available during dry
periods (Verheijen et al., 2010; Ajayi and Horn, 2016, 2017). It has been also observed
that soil water retention increased with increased aggregate stability after biochar
application (Sun and Lu, 2014). Overall the literature on biochar’s effect as a soil
amendment shows that results will depend on the type of biochar, the soil and the crops
being grown. More research with robust data is needed to understand how and when to
use biochar as a soil amendment to improve soil physical properties (Lychuk et al.,
2015).
Effect of Biochar on Soil Chemical Properties
Soil pH
Biochar has liming potential among its properties to enhance soil pH and reduce
aluminum (Al) toxicity (Berek and Hue, 2016). The impact of biochar in increasing soil
pH is attributed to its ash content (Deenik et al., 2011), as well as the temperature at
which it is produced (Lehmann and Joseph, 2015). Biochar usage might show
inconsistent results on soil pH due to biochar’s properties and soil type (Uzoma et al.,
2011). The increased acidifying impact as a result of ammonium fertilizers is modified by
most biochars, which are alkaline, applied in agriculture (Rogovska et al., 2016). Since
biochar shows alkaline features and is used as a soil amendment to improve soil quality
and decrease soil acidity, it can be a good alternative to lime (Dai et al., 2017).
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Ronnse et al. (2013) concluded that the final biochar composition is mostly
influenced by process temperature compared to the other parameters. When biochar
production temperature was around 500-700 °C, biochar’s liming effect increased (Wan
et al., 2014). Biochar produced at 300-400 °C had an average 5.01 pH value, biochar
obtained at 600-700 °C had 9.00 pH (Lehmann and Joseph, 2015). Brewer et al. (2011)
reported that biochar produced high temperature (700-850 °C) has high ash content which
means it contains less C, and higher magnesium (Mg), potassium (K), calcium (Ca)
increased soil pH. Xiao et al. (2014) reported that biochar has over 7.0 soil pH which is
higher than acid soils; thus, biochar addition can increase soil pH. Brewer at al. (2011)
compared 17 biochars produced at different temperatures on soil pH. It was reported that
biochars produced from switchgrass at (between 790-830 °C) significantly increased soil
pH (Brewer et al., 2011). While biochar-amended soil increased soil pH which enhances
the solubility of Mg, Ca, and phosphorus (P), biochar incorporation reduced toxic
elements availability such as aluminum (Al), copper (Cu), and magnesium (Mg) at low
pH (Sierra et al., 2003). Berek and Hue (2016) investigated the liming impact of six
biochars on acid soil in greenhouse and laboratory experiments. Soil pH increase was
observed from both the experiments. Biochar produced from the lac tree (Schleichera
oleosa) increased soil pH from 4.5 to 5.9 in at 2% application rate and from 6.3 to 6.9 at
4% application rate in a greenhouse experiment, the same biochar increased soil pH from
4.0 to 5.1 at 8% application rate in a field experiment (Berek and Hue, 2016). The
experiment found that although using the highest biochar application rate (at 8 %), pH
increase was lower in the field experiment. In the same literature, biochar produced from
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rice husk at 8% application rate increased soil pH from 4.0 to 5.1. The differences in soil
pH between both fields depend on many factors such as feedstock type of biochar,
pyrolysis condition, and temperature and aging of biochar in soil (Berek and Hue, 2016).
Compared to initial pH, a decrease in pH is caused by soils ameliorated with legume
residues that have low C/N due to intensive nitrification (Xiao et al., 2014).
A 4-year study showed that soil amended with 20 t ha-1 biochar increased soil
pH from 3.89 to 4.05 in a alluvial sediments based soils (Major et al., 2010). Although
biochar has a positive effect on soil acidity, the impact on soil acidity might show
variability because of biochar application rates, feedstock type, pyrolysis condition, and
soil type (Dai et al., 2017). Due to the variability, to be able to compare biochar
effectiveness more field experiments should be conducted to determine soil pH change in
biochar-amended soils.
Soil organic carbon (SOC)
Soil organic carbon (SOC) sequestration plays a significant role in soil and also
is an indicator of soil productivity and soil quality by impacting aggregate stability, soil
nutrient and water holding capacity (Franzluebbers, 2002; Jagadamma and Lal, 2010).
Soil quality is increased by increased carbon sequestration since SOC is positively related
to soil physical, chemical, and biological processe, and can increase soil fertility
(Lehmann et al., 2006).
Feedstock type and pyrolysis condition impact biochar’s physical and chemical
properties; thus, carbon storage and increase in soil quality might show variability
(Novak et al., 2009). The feedstock type plays a significant role in biochar properties. For
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example, biochar produced from corn has 652 g/kg total carbon whereas biochar obtained
from poultry litter has 141 g/kg (Dai et al., 2017). Results demonstrated that while
biochar application to soil increase soil carbon, biochar may also reduce CO2 from the
atmosphere (Lehmann, 2007b). El-Naggar et al. (2018) demonstrated increases in SOC
two years after application in biochar-amended soils. In this field experiment, three
particle-size fractioned soils (coarse sand-size, fine sand-size, and silt/clay sand-size)
were used. After 2 years of field experiment, the results showed that soil carbon increased
in all soil fractions with 8 t ha-1 biochar. Compared to control, total carbon in soil
amended with 8 t ha-1 biochar were 13% (coarse sand-size) and 36% (fine sand-size)
higher than control (El-Naggar et al., 2018). In the same study, the application of biochar
increased total carbon in silt/clay size soil by 53% compared to control. El-Naggar et al.
(2018) concluded that although organic carbon was tested 2 years after biochar
application, biochar application resulted in increasing organic carbon content.
Arthur et al. (2015) observed three different rates of biochar's (10,20 and 50 t ha-1) impact
on SOC in sandy loam soil in 2011 and 2012. It has been found that all of the biochar
application increased SOC in both years compared to control. The soil amended with 50 t
ha-1 biochar in 2012 had 30% higher SOC than in 2011 (Arthur et al., 2015).
Total nitrogen (TN)
Nitrogen (N) is an indicator of soil fertility and plant growth. Nitrification has a
significant role in terms of N cycling because N is used by plants in inorganic forms
(NH4+, NO3-) and nitrification converts ammonium (NH4+) to nitrate (NO3-). Leaching of
(NO3-) and nitrification might increase acidification in soil (Dai et al., 2017). Biochar's
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impact on nitrification is variable. Several studies showed that while the application of
biochar increases soil nitrogen, N leaching can be decreased (Kanthle et al., 2016; Wang
et al., 2016). El-Naggar et al. (2018) investigated changes in TN two years after being
applied in biochar-amended soils. In this field experiment soil samples were separated,
and three particle-size fractioned soils (coarse sand-size, fine sand-size, and silt/clay
sand-size) were used. All soil fractions amended with biochar were not statistically
different compared to control in terms of TN. It was found that compared to control, 8 t
ha-1 application of biochar increased TN content of coarse sand- and fine sand-size soils
36% and 10% respectively (El-Naggar et al., 2018). In Midwestern soils it was observed
that biochar addition decreased N leaching up to 11% (Laird et al., 2010).
Gao et al. (2016) compaed poultryitter and biochar’s impact on nutrient
retention in a sandy loam soil. At 20 t ha-1 biochar there was no significant effect on
nitrification compared to the poultry litter and control. In an other study it was observed
that biochar-amended soil increased total nitrogen by 7% which is statistically significant
and decreased nitrate (NO3-) leaching (Laird et al., 2010). It was hypothesized that the
application of biochar might improve soil microbial biomass and influence the
composition of soil biological community which are resulted in changes in nutrient
cycling (Zhang et al., 2014). In a silt loam soil biochar had significant effect in increasing
soil mineral N compared to an unamended soil (Zhang et al., 2014).
Effect of biochar on yield
Biochar has the potential to improve soil quality and yield in degraded soils
(Novak et al., 2009). The results of biochar usage depend on a number of factors
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including, feedstock type, biochar application rate, soil type, crop species and fertilizer
type. A meta-analysis showed that biochar usage (<1-5 t ha-1 and >150 t ha-1) did not
increase yields (Jeffery et al., 2011). When biochar application did result in increased
yields it was due to soil hydrological impacts, liming effect, and availability of nutrients (
DeLuca, 2016). Another meta-analysis demonstrated that 10-25 t ha-1 of biochar usage in
coarse-textured, 50 t ha-1 biochar in medium textured, and 100 t ha-1 biochar application
in fine-textured soil increased crop yield statistically significant compared to control,
medium-textured soil amended with 40 and 65 t ha-1 biochar resulted in no impact on
crop productivity. It was concluded that biochar usage has potential in increasing yield,
but biochar rate and yield showed no correlation (Jeffery et al., 2011). In another metaanalysis collected data from 59 pot and 57 field experiments from 21 countries, biochar
application resulted in a smaller yield increase in the field (9.1%) compared to pot studies
(11.1%). Biochar application increased crop yield by 11% compared to the control (Liu et
al., 2013). It has also been reported that biochar usage resulted in yield reduction
(Mukherjee and Lal, 2013).
In a two-year study on a sandy loam soil, Nelissen et al. (2015) found that a 20
t ha-1 biochar amendment had no significant effect on crop productivity and grain yield in
the first two years. It was reported that an Amazonian oxisol amended with 8, and 20 t ha1

biochar showed an insignificant impact on corn yield compared to the control in the

both years (Lychuk et al., 2015). Biochar's insignificant effect on yield might be
attributed to unchanged soil physical, chemical, and biological properties. Biochar
addition might be resulted in positively in terms of soil physical properties, but it might
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take more than 2 years to translate into crop productivity (Nelissen et al., 2015). The
insignificant effect of biochar on yield might also be attributed to the soil fertility status
and dry periods of the season.
Summary
Cover crops, no-tillage, and biochar are important conservation agriculture
practices. These practices can have multiple benefits to agro-ecosystems depending on
the cropping system, soil type, cover crop species, and weather, Biochar and cover crops
can be considered to be costly practices and may need long periods before they make a
positive impact (Ryan et al., 2003). Comprehensive studies are needed to demonstrate the
effects of conservation agriculture practices and help farmers to understand and to prefer
them. The interest in applying conservation agriculture is growing.
Research objectives
In this study, conservation agriculture practices' effects on soil properties in two
field experiments were assessed. One was in a continuous cotton experiment and the
other in a continuous soybean experiment at the University of Tennessee West Tennessee
Research and Education Center (WTREC), in Jackson TN.

The specific objectives were:
Objective 1: Determine the impact of different tillage, cover crops, and N-rate
applications on soil chemical and physical properties in a long-term continuous cotton
experiment. The specific objectives of this study were to determine the tillage and cover
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crop treatments that under reduced nitrogen fertilization improve soil quality, increase
mean yield. Our hypotheses for this study are that no-tillage planted in combination with
cover crops particularly N-fixing covers 1) can improve soil physical properties through
increasing soil structural stability. 2) Different cover crops are expected to contribute to
soil properties in different ways considering the differences in root system activity, N
fixation, and amount of residue return to the soil. 3) Different levels of N application are
expected to have an indirect contribution to the soil properties through increasing the
mass of residue and stalks at the soil surface and consequently an increase in soil organic
matter. Overall, we hypothesize that no-tillage different cover crops and N-fixing covers
will improve soil structure, increase yield, and buffer against climatic variations and will
have a positive effect on soil quality.

Objective 2: To obtain a broader understanding of the response of biochar under cover
crops in a no-till system to sandy loam soil, a field study under no-till soybean system
was established in west Tennessee. The objective of this study is to investigate the effect
of different rates of biochar and sawdust applications in combination with a multispecies
cover crop mix and no-tillage management for a continuous soybean (Glycine max)
cropping system on soil carbon and nitrogen dynamics, hydraulic properties and yield on
a sand deposit. The hypotheses are: 1) biochar and sawdust usage with cover crops
mixture and no-tillage management would regulate water flow, increase water retention
capacity, increase nitrogen availability, and soybean yield in sandy soil. 2) The
combination of treatments with biochar should also increase soil carbon and regulate soil
24

acidity. It is also expected to see lower bulk density, lower penetration resistance, higher
porosity.
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CHAPTER II
LONG-TERM EFFECTS OF WINTER COVER CROPS, TILLAGE,
AND NITROGEN FERTILIZATION RATES ON SOIL PROPERTIES
UNDER A CONTINUOUS COTTON SYSTEM IN WEST
TENNESSEE.
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Abstract
Conservation practices including no-till, are important components of sustainable
row-crop production systems management in Tennessee. No-till can improve soil health
through integration with additional best management practices, such as the use of winter
cover crops. The effects of no-till and winter cover crops on soil properties may differ
drastically from a region to another due to differences in soil types, climate and cropping
systems. The objective of this study was to determine the effect of no-till, different cover
crops, and different N fertilization rates on dissolved organic carbon (DOC), wet
aggregate stability (WAS), total organic carbon (TOC), permanganate oxidizable carbon
(POxC), total nitrogen (TN) and cotton (Gossypium hirsutum) yield in a long-term
continuous cotton study initiated in 1981 at the University of Tennessee West Tennessee
Research and Education Center in Jackson TN. Treatments included tillage (till and notill), cover crops (crimson clover-Trifolium incarnatum L., hairy vetch-Vicia villosa L.
and winter wheat-Triticum aestivum L., and winter weeds), and nitrogen fertilization rates
(0, 34, 67 and 101 kg N ha-1). The leguminous cover crops (hairy vetch and crimson
clover) increased TOC from 8.5 g/kg to 10.3 and 10.0 g/kg respectively compared to no
cover control. Compared to conventional tillage, no-till increased TOC from 9.0 g/kg to
9.9 g/kg. Nitrogen fertilization and tillage was the only two-way interaction identified.
No-till and 34 kg N /ha increased TOC from 8.4 g/kg to 10.4 g/kg. NT, hairy vetch and N
fertilizer increased cotton yield significantly.
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Introduction
In recent decades, many studies have investigated the impact of different tillage
systems on soil chemical and physical properties. These studies can be categorized as
short-term (less than 5 years) and long-term (more than 5 years) studies, with or without
cover crops and with or without crop rotation. No-till (NT) is a conservation agriculture
practice that reduces soil degradation by minimizing soil disturbance by protecting the
soil surface by leaving crop residues on the soil surface, reducing erosion and increasing
soil organic matter. The impact of NT management on soil properties is attributed to the
gradual accumulation of residue and organic matter in the soil (Dick, 1983; Follett and
Peterson, 1988; Rasmussen, 1988). Increases in soil organic carbon as a result of NT
management vary depending on the soil texture. In a medium and fine-textured soil in the
southern USA the accumulation of organic matter is a gradual process that may take more
than 5 years to be reflected in changes in soil physical properties (Rhoton et al., 1993).
After 10 years of no-till in a Hapludox, soil organic carbon increased 5% especially in the
uppermost soil layer compared to the first year of NT management and increased
aggregation (Reichert et al., 2016). Organic carbon content decreased compared to the
conventional tillage (CT) until the fifth year of management, then it started to increase
especially in the surface layer (0 to 7 cm) and exceeded the initial content after 14 years
of NT management (Reichert et al., 2016). Tillage disturbs the soil and can have negative
impact on soil structure by reducing aggregate formation and destroying soil structure.
Changes in soil structure will have an impact on soil water movement, biodiversity,
erosion, and nutrient cycling (Niklaus et al., 2001; Bronick and Lal, 2005).
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It is predicted that as the global population grows, the area of cultivated land will
have to continue to increase to meet the need for increased food, fiber and fuel
production. There is an incentive to increase and balance SOC in cultivated areas for
maintaining long-term productivity and sustainability. The SOC content in
agroecosystems is influenced by soil properties, management practices, soil type and
climatic conditions, and the initial soil carbon content of the region (Chan, 2008).
Conservation agriculture (CA) practices that have impact on SOC storage include cover
cropping practices, tillage, and fertilization. CA practices improve soil carbon
sequestration by increasing C inputs relative to C outputs and losses (Franzluebbers et al.,
2014). Tillage increases decomposition rates and redistributes soil organic matter which
is protected in aggregates within the soil profile (Beare et al., 1994; Conant et al., 2007).
Organic carbon increases microbial activity. Improved biological activities result
in an abundance of connected, vertically oriented soil pores (Chen and Weil, 2010). West
and Post (2002) reviewed 67 long-term studies from all over the world were tillage
systems were converted to reduced tillage systems. This resulted in an increase in SOC
sequestration rate of 57∓14 g C m-2 yr-1 on average after 15 years of the application.
They did not observe any increase in SOC content in the first 5 years of NT.
In west Tennessee, one of the main drivers leading to the development and
adoption of no-till systems was erosion control. With time, carbon storage and
improvements in soil quality and soil health was another benefit of this practice. Cover
cropping, another CA practice, primarily helps protect soil from erosion during the winter
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season, but also influences the quantity of C inputs to the soil (Franzluebbers et al.,
2011).
Cover cropping in combination with NT resulted in greater SOC sequestration
(0.67 mg C ha-1 yr-1) compared to NT management without a cover crop (0.34 mg C ha-1
yr-1) in cotton production systems of the southern USA (Causarano et al., 2006). Rhoton
et al. (1993) noted that 5 years was too short a period to assess changes in soil physical
properties under NT. Other researchers suggest that it can take at least 10 years before
changes can be observed (Kay and VandenBygaart, 2002; Wuest et al., 2006; Hobbs,
2007). This is particularly true in the hot and humid southeastern USA where relatively
high precipitation and high temperatures accelerate organic matter decomposition. To
measure the long-term impacts of CA practices it is important to study soil systems that
have reached steady state or equilibrium conditions. Reichert et al. (2016) concluded for
the soil condition to be in a "near steady-state" required 14 years of NT management.
Knowing the changes in soil properties and functions after several decades of no-till will
provide an insight into soil properties are in a “steady-state” or an equilibrium condition.
In 1981, a long-term continuous cotton experiment was initiated at the University of
Tennessee West Tennessee Research and Education Center (WTREC) in Jackson, TN.
The specific objectives of this study were to determine the impact of different tillage,
cover crops, and nitrogen (N) rate applications on soil chemical, physical properties and
crop yields. In 2018, soil samples were collected from all 128 plots were collected to
compare the impact of NT versus CT, hairy vetch (Vicia villosa L.), crimson clover
(Trifolium incarnatum L.), and winter wheat (Triticum aestivum L.) cover crops and
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nitrogen fertilizer rates (0, 34, 67, 101 kg N/ha) on soil properties. The specific objectives
of this study were to determine the tillage and cover crop treatments that under reduced
nitrogen fertilization improve soil quality, increase mean yield. It was hypothesized that
after 37-year of NT soil physical properties would improve through improving soil
structure and increasing structural stability. Different cover crops were expected to
contribute to soil properties in different ways considering the differences in root system
activity, N fixation, and amount of residual N and organic matter turnover in the soil.
Different levels of N application are expected to have an indirect contribution to the soil
properties through increasing the mass of residue and stalks at the soil surface and
consequently an increase in soil organic matter. Overall, we hypothesized that NT planted
in combination with cover crops, particularly N-fixing cover crops, will improve soil
structure, increase yield, and buffer against climatic variations and will have a positive
effect on soil quality.
Materials and methods
Site description and experimental design
The study was initiated in 1981, under a continuous cotton (Gossypium hirsutum
L.) system, located at the West Tennessee Research and Education Center (WTREC) in
Jackson, TN. The soil is a Lexington silt loam (fine-silty, mixed, thermic, Ultic
Hapludalf). The soil was well-drained, on a 0 to 2% slope. The plots are arranged in a
randomized complete block design (RCBD) with split-split plots. All treatments were
replicated four times. For this study, the whole plots were different nitrogen (N) fertilizer
rates (0, 34, 67, 101 N kg ha-1), and the split-plots were three different cover crops
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(crimson clover (Trifolium incarnatum L.), winter wheat (Triticum aestivum L.), hairy
vetch (Vicia villosa L.), and a no-cover control. Split-split plots were two tillage systems
(NT and conventional tillage). High and low temperatures ranged from 26.8 °C to -0.72
°C and the average annual rainfall was 1375 mm. All plots were 8m x 12m in size.
Soil sampling
Soil samples were collected in July 2018 using stainless steel soil probes that are
2.5 cm in diameter. The depth for the sampling was 0 to 15 cm. the samples were
collected randomly from different locations within each plot and were mixed, packed and
transferred to the soil management laboratory at the University of Tennessee in
Knoxville, for analysis. Samples were all air-dried before analysis.
Soil Analyses
The following parameters were measured: dissolved organic carbon (DOC), wet
aggregate stability (WAS), total organic carbon (TOC), permanganate oxidizable carbon
(POXC), and total nitrogen (TN).
Soil organic carbon and total nitrogen
Soil organic carbon and total nitrogen were measured by a CN analyzer
(Elementar vario TOC cube, Germany). This is a dry-combustion method, used after the
soil samples were air dried, ground up and passed through a 2 mm sieve. Catalytic
combustion of soil by high temperatures (950 °C) in the air environment was conducted
(Vitti et al., 2016).
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Dissolved organic carbon
Five grams of air-dried soil was weighed and added to a 50 mL centrifuge tube
with 25 mL of MilliQ water. Tubes were placed on a reciprocating shaker at 200 rev
min-1 speed for 10 minutes then centrifuged the tubes for 5 minutes at 3500 rpm. After 5
minutes, the samples were filtered through Whatman No. 42 filter paper and analyzed
with CN analyzer (Elementar vario TOC cube, Germany).
Soil active carbon
Permanganate oxidizable carbon (POXC) was used to estimate soil active carbon
This method was developed by Weil et al. (2003). The protocol of Culman et al. (2012)
was used to determine the POXC. Active carbon was measured using a potassium
permanganate (KMnO4) solution by oxidizing the active carbon in the soil. In this
method, dark purple-colored KMnO4 reacts with a soil sample and loses its color based
on the amount of active carbon present. A 2.5 g sample of air-dried soil was mixed with
20 mL of 0.02 KMnO4 solution and shaken for 2 minutes. After incubating for 10
minutes, the solution was diluted with distilled water. Change in KMnO4 color was
measured as absorption at 550 nm wavelength using a spectrophotometer and calibrating
it against standards of known concentrations. The absorbance and the solution
concentration were correlated by a standard curve developed. The equation used to
calculate the POXC content (mg/kg):
Equation 1
[0.02 − (a + b × Abs)] ∗ 9000 ∗ 0.02/Wt
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Where: 0.02 (mol/L) = initial solution concentration;
a = the standard curve intercept
b = the standard curve slope
Abs = absorbance of unknown
9000 (mg C/mol) = milligrams of carbon oxidized by 1 mole of KMnO4
Wt = weight of air-dried soil sample in kg
Wet aggregate stability
A wet sieving device (Eijkelkamp Agrisearch Equipment, Giesbeek, the
Netherlands) was used to determine soil aggregate stability. Approximately 1 to 2 mm in
diameter air-dried soil samples were collected. Four grams of each sample were placed
on a 0.25 mm sieve. The sieve is mechanical and lowered and raised for three minutes in
distilled water at 42 cycles per minute. Unstable aggregates fell through the sieve while
stable aggregates remained on the sieve. Unstable samples were taken from the holder
and placed trays and oven-dried at 105 °C for 24 hours. Stable samples were sieved
again till sand left on sieves. All samples were oven-dried for one day and calculated.
The equation was used to calculate the wet aggregate stability (WAS):
Equation 2
WAS = (stable sample – sand / total sample – sand) * 100
Statistical analysis
Analysis of variance (ANOVA) based on the Generalized Linear Mixed Model
(GLIMMix) was used to evaluate the effects of conservation agriculture practices on soil
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properties. Fisher’s protected least significant difference in SAS 9.4 (SAS Institute,
Cary, NC, 2013) was used to interpret the changes among treatment means at P < 0.05.
Results
At 0 to 15 cm, several soil parameters varied significantly among the treatments.
The systems that had cover crops contained higher TOC, DOC, POXC, TN, WAS, and
yielded significantly higher than the control. The TOC, WAS, and cotton yield were
greater under no-till compared to conventional tillage (p<0.01). Nitrogen fertilization
increased TOC, POXC, TN, and yield at (p<0.001). Among interaction effects (N x T)
increased TOC (p=0.05). No significant changes were found among the interactions
measured at 0.05 difference level. There were no 3-way interactions (N x C x T) for the
parameters measured at 0.05 difference level (Table 1).

Table 1 soil physical and chemical properties as affected by cover crops, tillage and nrates
Treatments
TOC
DOC
POXC
TN
WAS
YIELD
Cover(C)
0.001***
0.0001***
0.039*
0.011**
0.045*
0.021*
Tillage (T)
0.0005***
0.810
0.352
0.495
0.015**
0.012**
***
*
***
Nitrogen
0.001
0.356
0.056
0.009
0.252
0.0006***
rate (N)
CxT
0.107
0.771
0.500
0.539
0.438
0.886
NxC
0.320
0.098
0.332
0.863
0.875
0.438
NxT
0.051*
0.393
0.884
0.665
0.476
0.466
NxCxT
0.514
0.995
0.402
0.477
0.914
0.840
ANOVA significance level (p=0.05). *, **, and *** indicate level of significance at
0.05, 0.01 and 0.001 respectively.
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Total Organic Carbon (TOC) and Dissolved Organic Carbon (DOC)
Total organic carbon significantly increased under the leguminous cover crops
(crimson clover (10.0 g/kg), hairy vetch (10.3 g/kg)) compared to wheat (9.0 g/kg) and
no-cover control (8.5 g/kg) (Figure 1) (p < 0.05). Nitrogen fertilizer application rates
significantly increased TOC compared to the unfertilized control, but there was no
difference between N fertilizer rates of 34, 67, or 101 kg N ha-1.
A significant TOC increase was observed under NT management. Under NT the
TOC was 9.9 g/kg compared to conventional tillage 9.0 g/kg.
The only interactions between the main treatments and TOC was between the
nitrogen fertilizer rates and tillage (Table 1). Combinations of 34 kg N ha-1 and no-till
(10.39 g/kg) and 101 kg N ha-1 and no-till (10.06 g/kg) were statistically significant in
comparison with the combination of 0 kg N ha-1 with conventional (8.4 g/kg) and no-till
(9.08 g/kg) and 34-67 kg N ha-1 with conventional tillage (8.51-9.13 g/kg) respectively
(Figure 2).
Leguminous cover crops significantly increased DOC compared to wheat and no
cover crop. There was no difference in DOC between the wheat cover crop and the
control. Tillage and N fertilization rates had no impact on DOC (Figure 3). No 3-way
interactions (N x C x T) effect on TOC and DOC were observed in this study at (p=0.05)
level (Table 1).
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Figure 1. Soil TOC in response to cover crop treatments. Different letters denote statistically
different means at P < 0.05 and error bars represent standard error of the means (n=4).
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Figure 2. TOC result as a result of combination of tillage and nitrogen rate. Different letters
denote statistically different means at P < 0.05 and error bars represent standard error of the
means (n=4).
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Figure 3. Dissolved organic carbon (DOC) in response to cover crop treatments. Different letters
denote statistically different means at P < 0.05 and error bars represent standard error of the
means (n=4).

Soil active carbon
Permanganate oxidizable carbon (POXC) was significantly higher in the hairy
vetch (244.7 mg/kg) and crimson clover (231.5 mg/kg) treatments compared to the nocover control (186.0 mg/kg) (p<0.05) (Figure 4). POXC increased from 186.0 mg/kg to
244.7 mg/kg under hairy vetch. The N fertilization rate had greater POXC content than
the unfertilized soil. The 34 kg N ha-1 (230.3 mg/kg) and 67 kg N ha-1 (223.7 mg/kg)
fertilizer rates significantly increased POXC compared to the control (192.9 mg/kg)
(Figure 5). No tillage effect on POXC was observed in this study (Table 1). No 2-way (C
x T, N x C, and N x T) or 3-way interactions (N x C x T) effects on POXC were observed
in this study at (p=0.05) level (Table 1).
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Figure 4. POXC in response to cover crop treatments. Different letters denote statistically
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(n=4).
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Soil total nitrogen (TN)
Total nitrogen significantly increased under the hairy vetch (21.1 mg/kg)
compared to no-cover control (18.6 mg/kg) and the wheat cover (18.9 mg/kg) (Figure 6).
Nitrogen fertilizer application rates increased TN compared to the unfertilized control,
but there was no difference between the 34, 67, and 101 kg N ha-1 rates (Figure 7).
Tillage management had no statistical difference on soil TN (Table 1). No 2-way (C x T,
N x C, and N x T) or 3-way interactions (N x C x T) were observed on TN (p=0.05) level
(Table 1).
Wet aggregate stability (WAS)
It was observed that WAS increased under cover crops. Crimson clover had
higher WAS (34.8%) compared to the no-cover control (29.3%) and wheat (29.9%)
(Figure 8). Under NT management WAS was 33.4% compared to 29.6% under
conventional tillage (Figure 9). Nitrogen fertilization had no effect on WAS. No 2-way
(C x T, N x C, and N x T) or 3-way interactions (N x C x T) effects were observed on
WAS (Table 1).
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Figure 6. Soil total nitrogen (TN) in response to cover crop treatments. Different letters denote
statistically different means at P < 0.05 and error bars represent standard error of the means
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Cotton yield
Cotton yields were impacted by tillage system, cover crops and nitrogen fertility
management practices. Cotton yields were significantly higher under some cover crops
than others, with hairy vetch increasing yields by 16% and 14% compared to crimson
clover and wheat (p<0.05) (Figure 10). Cotton yield of the hairy vetch treatments were no
different to the no-cover control. Nitrogen application significantly increased cotton
yields compared to the unfertilized control. But there were no significant yield
differences between the different N rates (34, 67, 101 kg N ha-1). Compared to the
unamended soil, 101 kg ha-1 of N increased cotton yield 15% (Figure 11).
Cotton yield was approximately 7% higher under NT than conventional tillage
(1162.3 kg ha-1 vs. 1084.5 kg ha-1) (Figure 12). No 2-way (C x T, N x C, and N x T) or 3way interactions (N x C x T) effects between tillage, cover crops or nitrogen fertilizer

Yield kg/ha

rates were observed for cotton yield (Table 1).
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Figure 10. Yield in 2018 in response to cover crop treatments. Different letters denote statistically
different means at P < 0.05 and error bars represent standard error of the means (n=4).
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Figure 11. Yield in 2018 in response to different nitrogen rates. Different letters denote
statistically different means at P < 0.05 and error bars represent standard error of the means
(n=4).
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Discussion
Effect of cover crops and no-till on soil total organic carbon (TOC)
The type of the tillage system, cover crop duration, decomposition rates of cover
crops, type of soil, and climate of the region can all impact changes in TOC (BlancoCanqui et al., 2015). We observed that soil organic carbon content increased with cover
crops, especially leguminous cover crops (crimson clover and hairy vetch), NT and
nitrogen fertilization (Figure 1, 2). TOC is a significant part of soil organic matter and
important for sustainable production, especially in the humid southeast USA. Hairy vetch
and crimson clover increased TOC, similar to the findings of (Blanco-Canqui et al.,
2013). They found that yellow sweet clover [Melilotus officinalis (L.) Lam.], hairy vetch
(Vicia villosa Roth ssp.) increased TOC at 0-7.5 cm depth in silt loam soil in Kansas after
5 years. An increase in soil organic carbon as a result of no-till management is a gradual
process that may take more than 5 years to be reflected in soil physical properties
(Rhoton et al., 1993). Rhoton et al. (1993) reported that NT did not affect TOC
significantly at 0 to 2.5 cm in loamy sand soil under soybeans (Glycine max (L.) Herr.) in
Auburn, Alabama after 5 years because relatively short time under NT. In the same study
that we are the reporting on, the TOC increased around 45% under NT (14.8 g/kg)
compared to conventional tillage (10.2 g/kg) in silt loam soil under continuous soybeans
(Glycine max (L.) Herr.) at 0-2.5 cm depth after 9 years of NT management. However,
conventional tillage was 40% higher than NT at 7.6-15.2 cm depth after 9 years (Rhoton
et al., 1993). While a 40% increase in SOC was observed under conventional tillage at
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7.6-15.2 cm depth after 9 years of NT management, 10% increase in TOC was observed
under NT at 0-15 cm depth after 37 years of NT application. In Minnesota, researchers
found an increase in TOC under NT compared to moldboard plow after 14 years of
continuous corn (Zea mays L.) in clay loam soil (Huggins et al., 2007). Although there
was no cover crop in the Minnesota study, the increase can be attributed to be a long-term
study and decrease in TOC decomposition relative to moldboard plow. Jagadamma et al.
(2019) found a similar result in the same study after 33-years NT increased TOC at 0-2.5
cm depth whereas conventional tillage had higher SOC content than NT at 5-10 cm
depth. The increase in TOC under conventional tillage at the 5-15 cm depth is attributed
to mixing crop residue with soil and the increase at top of the soil by NT might be due to
leaving residue on soil surface, minimum disturbance and root density since NT produces
higher horizontal root density that is important root-derived carbon storage (Gál et al.,
2007). In Indiana Gál et al., (2007) compared soil carbon between NT and moldboard
plow after 28 years of NT in silt clay loam soil. It was reported that NT had 33% (at 0-5
cm) and 9% (5-15 cm) greater TOC content than the moldboard plow. Changes in
microbial community structure have been observed in NT systems with more grampositive bacteria and actinomycetes, that are related to recalcitrant aromatic carbon, and
mycorrhizae fungi that preserve soil organic carbon by accelerating formation and
stabilization of macro-aggregates in silt loam soil in west Tennessee (Linn and Doran,
1984; Rillig and Mummey, 2006; Mbuthia et al., 2015). Drijber et al. (2000) reported that
mycorrhizae and TOC decreased under conventional tillage. Mbuthia et al. (2015),
reported on the same experiment that after 31 years mycorrhizae increased under NT and
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there was an increase in the activities of key enzymes including b-glucosidase, bglucosaminidase which are important in C and N cycling. Not only does microbial
community structure and activity change and increase under NT, soil carbon and nitrogen
increased with NT and cover crops driven by an increase in TOC content compared to the
CT, the no-cover control and the unfertilized soil. In a silt loam soil under a continuous
corn (Zea mays L.), and corn–soybean (Glycine max (L.) Merr.) rotation in Illinois
(Jagadamma et al., 2007), observed that SOC increased with increasing N fertilization
rates at 0-30 cm. The leguminous cover crops (hairy vetch and crimson clover) increased
TOC, which Mbuthia et al. (2015) observed and resulted in shifts in the microbial
communities, as well as increased microbial activity and thus improvements in soil
quality and soil health. Halvorson et al. (2002) evaluated carbon sequestration under
different cropping and tillage systems and N rates in silt loam soil in North Dakota. They
observed that N fertilization increased the amount of crop residue on top of the soil but
did not increase TOC. There was no difference in TOC with 22 and 45 kg N/ha
applications at 0-15 cm depth in silt loam soil after 12 years of application of no-till and
N fertilization under annual spring wheat (Triticum aestivum L.) cropping. Mbuthia et al.
(2015) found that NT systems increased TOC about 19% compared to conventional
tillage by 2013. By 2018 TOC had increased to 20% in NT compared to CT under cotton
continuous system in the same field because the net biomass and carbon inputs to the soil
after decomposition were relatively low. It should be noted that cotton is considered a
“low residue crop” due to the low amount of residue returned to the soil, compared to
“high residue crop” systems such as corn (Zea mays L.). Soil organic carbon increases
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under cover crops and different rates of nitrogen (N) because the nitrogen increases
biomass production and carbon inputs returned to soil from the above and belowground
biomass (Sainju et al., 2005). The only interaction effect was found between the tillage
system and nitrogen fertilization rates in our study. A combination of NT with 34 and 101
kg N/ha increased TOC significantly compared to unfertilized soil, 34, and 67 kg N/ha
with conventional tillage (Figure 2 and Table 1). In North Dakota, Halvorson et al.
(2002), made a similar observation that planting winter wheat (Triticum aestivum L.) and
sunflower (Helianthus annuus L.) in rotation under NT with N fertilizer (34 and 67 kg N/
ha) increased soil organic carbon after 10 years compared to CT.
Cover crop types and application methods can affect soil organic carbon
mineralization (Ghimire et al., 2017). We observed that leguminous cover crops had
greater TOC compared to the wheat cover (Figure 1). Compared to grass and cereal
covers, residues of legume cover crops have higher decomposition rates and soil organic
carbon storage (Quemada and Cabrera, 1995; Ghimire et al., 2017), due to lower C:N
ratios in the leguminous cover crops.
Effect of cover crops and no-till on soil dissolved organic carbon (DOC)
Soil dissolved organic carbon forms a small part of total soil organic carbon pool
although it is the most active organic carbon fraction that is available for microbial
uptake (Marschner and Kalbitz, 2003; Scaglia and Adani, 2009). In our study, hairy
vetch increased DOC significantly compared to wheat and no-cover control (Figure 3).
Plant litter and residues of cover crops are significant source of DOC and have higher
active organic carbon pool (Bolan et al., 1996; Steenwerth and Belina, 2008). Using
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winter cover crops may increase water-extractable organic carbon while reducing
nitrogen loss (Dabney et al., 2001). Steenwerth and Belina (2008) reported that
compared to conventional tillage without a cover crop, cover crops such as cereal rye
(Secale cereale L.) increased DOC significantly in loam soil after 10 years of cover
crops under conventional tillage in California. The increase in DOC under cover crops is
explained by an increase in organic inputs to the soil. Grebliunas et al. (2016) reported
that cover crops such as cereal rye (Secale cereal L.) and tillage radish (Raphanus
sativus) on silt clay loam soil in Illinois had no effect on DOC content compared to the
no-cover crop control. This was attributed to the relatively short-term of cover cropping
(3 years).
No-till had no impact on DOC. This has been reported by others. Si et al. (2018)
reported that NT increased DOC content at 0 to 10 cm but no effect on DOC deeper than
10 cm in a silt loam soil after 7 years. Planting soybean and wheat as double crop under
NT in a silt loam soil did not increase DOC after 38 years on a nearby experimental site
in Tennessee (Singh et al., 2020). Soil inversion by tillage can expose plant residue soil
microbiota and increase decomposition (Grebliunas et al., 2016). It has been suggested
that clay minerals might absorb DOC and that practices such as frequent (annual) N
application and tillage might immobilize DOC (Tarkalson et al., 2006; Singh et al.,
2020). In Tennessee, it was found that there was more DOC in an undisturbed woodlot
and grassland compared to the nearby corn (Zea mays L.)-soybean (Glycine max L.)
rotation, and continuous soybean cropping systems at 0 to 5 cm in silt loam soil after 5
years due to higher SOC in the unmanaged systems (Singh et al., 2019). In Oregon,
57

Awale et al., (2017) evaluated the effect of different tillage practices on soil organic
carbon pools in a silt loam soil under winter wheat (Triticum aestivum L.) and spring pea
(Pisum sativum L.) rotation. They observed no difference in DOC under NT compared to
disc or chisel plow. The DOC was higher in NT compared to the chisel plow systems
after 10 years. The DOC increased under leguminous cover crops such as hairy vetch and
crimson clover due to the low C:N ratios which increase decomposition rates, and the soil
carbon and nitrogen content in the top soil (Steenwerth and Belina, 2008).
Effect of cover crops and no-till on Permanganate oxidizable carbon (POXC)
POXC is a fast and inexpensive method of quantifying active soil organic carbon
(Culman et al., 2012). POXC is closely correlated with microbial biomass carbon,
microbial activity, and total soil organic carbon (Weil et al., 2003). We observed that
cover crops increased POXC and that hairy vetch had greater POXC content than wheat
and the no cover crop control (Figure 4). In Tennessee after 12 years of cover cropping in
a NT system, Jagadamma et al., (2019) observed that soybean planted with a wheat cover
crop increased POXC (562 mg/kg) significantly compared to moldboard tillage (204
mg/kg) at 0-2.5 cm depth. After 38 years under a NT with wheat/soybean double crop,
Singh et al. (2020) reported that POXC increased significantly compared to chisel plow,
moldboard plow, disc plow, and NT without a cover crop. In Wisconsin, Jokela et al.,
(2009) reported that kura clover (Trifolium ambiguum L.) increased active carbon content
in silt loam soil after 4 years (Jokela et al., 2009). The increase in POXC under cover
crops is attributed to the carbon added by cover crops. No-till had no effect on POXC in
our study, which was also confirmed by Singh et al. (2020) in the same soil. In Oregon,
58

Awale et al. (2017) did not find any difference in POXC in different tillage systems (disc,
chisel till and NT) in a silt loam soil after 10 years. Higher residue cropping systems such
as corn under NT had higher POXC than NT systems without cover crops. POXC
increased under no-till with a kura clover (Trifolium ambiguum L.) cover crop and corn
(Zea maize L.) in a silt loam soil (Ginakes et al., 2018), since biomass and residue
production in the cover crop and the main crop was high.
Nitrogen fertilization rates of 34 and 67 kg N/ha increased POXC compared to
the unfertilized control. It had previously been observed that an increased N rate
increased soil carbon and nitrogen and that N fixing cover crops improve soil quality
through nitrogen fertilization which increases the amount of crop residue returned to the
soil (Mbuthia et al., 2015). (Hurisso et al., 2016).attributed the increase in POXC content
to higher residue on the soil surface.
Effect of cover crops and no-till on soil total nitrogen (TN)
It was observed that cover crops, especially N-fixing covers increased total
nitrogen at 0 to 15 cm (Figure 6). Nitrogen is one of the most important nutrients needed
for plant growth. The use of leguminous cover crops will fix atmospheric N, increase
fertility and reduce runoff and soil erosion that reduce N losses from the system (Dabney
et al., 2001, 2010). Since nitrogen increases biomass production and carbon inputs
returned to soil from the above and belowground biomass (Sainju et al., 2005), cover
crops and N-fertilization can increase the nitrogen content in the soil.
Tillage did not affect TN in this study, which is similar to a study in North
Dakota that found no difference in TN after 12-years of NT under different cropping and
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N rates (Halvorson et al., 2002). Others have reported that NT can increase TN compared
to tillage with a moldboard plow. For example, in Indiana NT increased TN after 28
years in a corn (Zea mays L.) soybean (Glycine max L.) rotation, due to higher biomass
production and more residue on the soil surface (Gál et al., 2007). Figure 7 demonstrated
that N fertilization increased total nitrogen compared to the unfertilized control but there
were no differences in TN between the fertilized soils. In a study on the same experiment
(Mbuthia et al., 2015) had observed that increased N rate increased soil carbon and
nitrogen.
Effect of cover crops and no-till on wet aggregate stability (WAS)
Cover crops can improve soil aggregation and decrease compaction in the soil.
This is important for improving soil quality (Decker et al., 1994; Dabney et al., 2010) and
soil health. It was observed that crimson clover increased WAS compared to wheat and
no cover crop control (Figure 8). Others have reported that rye (Secale cereale L.) h
increased WAS at 0 to 7.5 cm depth after 3 years in Nebraska and that soil surface was
protected from wind erosion by cover crops (Blanco-Canqui et al., 2014). Crimson clover
increased WAS to 35% in comparison to only 29% with the no-cover control and 30%
with the wheat cover crop (Figure 8). Although nitrogen fertilizer rates had no impact on
WAS, it was influenced by tillage practice. Wet aggregate stability was 33% under NT
compared to 30% under CT at 0 to 10 cm depth (Figure 9).
Blanco-Canqui et al. (2011) reported that WAS increased with hairy vetch (Vicia
villosa L.) cover crops in a silt loam soil under a 15-year NT system in Kansas. NT also
decreased near-surface soil compaction compared to no-cover and tillage. The same study
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found that N fertilizer rates did not increase WAS, which is consistent with our findings.
In Illinois, after 5-years in a NT system under a corn (Zea mays L.) soybean (Glycine
max (L.)) rotation with hairy vetch (Vicia villosa Roth) WAS increased (Villamil et al.,
2006). The increase is due to the increased quantity of residues on soil surface, and the
NT treatment that maintained or improved soil organic carbon and thus promote the
formation of aggregates and soil pores that indirectly impact the decomposition of plant
residues (Blanco-Canqui et al., 2014). In addition, the increase in WAS as a result of notill is attributed to the less soil disturbance and accumulation of organic matter (BlancoCanqui et al., 2013).
Effect of cover crops and no-till on cotton yield
This 37-year study showed that application of conservation agriculture practices
increased cotton yield. Cotton grown after hairy vetch cover crops produced higher yields
than after wheat cover crops (Figure 10) which is consistent with other studies. Sainju et
al. (2006) evaluated cotton yield under different tillage, cover crops and nitrogen
fertilization rates in sandy loam soil after 3 years in Georgia. They reported that cotton
grown after a cereal rye (Secale cereale L.) cover crop and 60 kg N/ha had higher lint
yield than cotton grown after a hairy vetch (Vicia villosa) cover crop and no cover
control. In this system, the increase in cotton lint yield after cereal rye is possibly due to
the fact that high C:N ratio of the cereal rye residue leading to a reduction in soil nitrogen
during decomposition. It was concluded that a multi-species cover crop mix of cereal rye
(Secale cereale L.), oats (Avena sativa L.), daikon radish (Raphanus sativus var. niger J.
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Kern.) increased soybean yields significantly in silt loam soil compared to the other cover
crops in Tennessee after 3 years (Chu et al., 2017).
Cotton yields respond to nitrogen fertilizers but application of too much nitrogen
can be detrimental to the crop as well as the environment. Excessive nitrogen can delay
maturity, harvest time and decrease lint yield (Howard et al., 2001). In this study, it was
observed that nitrogen fertilization increased cotton yield compared to the unfertilized
control but there was no difference in yields at the different rates of nitrogen applied (34,
67, and 101 kg N/ha) (Figure 11). The N rates used in this study are within the rates of 67
to 89 kg N/ha for cotton recommended by the University of Tennessee. After, a wellestablished single-species winter cover crop of crimson clover or hairy vetch no
commercial N fertilizer is recommended (Savoy and Duncan, 2007). This study suggests
that a lower rate of 34 kg N / ha should be recommended following a good leguminous
cover crop. Sainju et al. (2006) reported a similar result that 60 and 120 kg N/ha
increased cotton biomass and yield in sandy loam soil in Georgia. In Uzbekistan
(Devkota et al., 2013), reported that cotton yield was not influenced by tillage system in a
sandy loam soil one year after switching to NT, but increasing the N rate from 0 to 125
kg ha-1 increased cotton yields.
Increased cotton yield under NT was observed in this study. Others have observed
increased cotton yields under NT compared to a tilled system (Sainju et al., 2006; Nouri
et al., 2019). Nouri et al. (2019) found similar result on the same experiment after 34
years. In a NT corn (Zea mays L.) system in New York, it was observed that yield
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increased in a silt loam soil, but not in a clay loam soil after 20 years (Nunes et al., 2018).
The low corn yield in clay loam soil was explained by poor drainage of the soil.
Conclusion
Conservation agriculture practices such as NT and cover crops can improve soil
properties and sustainable crop production. In this study, we compared no-till and
conventional tillage systems, cover crops, and different nitrogen fertilizer rates' impact on
soil properties on a long-term experiment field. All measured soil properties (TOC, DOC,
POXC, TN, WAS, and yield) were increased by leguminous cover crops (hairy vetch and
crimson clover). No-till increased soil total organic carbon (TOC), wet aggregate stability
(WAS) and cotton yields. Nitrogen fertilization increased TOC and TN, and yield but had
no significant effect on DOC or POXC. The interaction effect of nitrogen fertilizer rates
and tillage only increased TOC and there was no statistical difference on the other
properties. No 3-way interactions (N x C x T) effects between tillage, cover crops or
nitrogen fertilizer rates were observed on soil properties measured and yield. Overall, our
findings were supported by literature and showed that conservation agriculture practices
have a positive impact on soil properties on a 37-year experiment.
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CHAPTER III
EFFECT OF BIOCHAR APPLICATION ON HYDRO-PHYSICAL
PROPERTIES OF FLUVIAL DEPOSITS
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Abstract
Seasonal flooding due to heavy rainfall can deposit a considerable amount of
sediment within fields adjacent to streams and rivers in west Tennessee. The
deposited sediment is typically dominated by sand-sized particles and adversely
affects water and nutrient retention, potentially increases the off-site movement of
agricultural chemicals, and reduces overall soil productivity. It was hypothesized that
the surface application of biochar, a carbon-rich by-product of pyrolysis, to these
areas would improve soil quality and productivity. The objective of this study was to
assess the effectiveness of biochar for improving hydro-physical properties and
productivity of fluvial deposits. The study was conducted in a loamy sand deposited
on a Collins silt loam at the West Tennessee Research and Education Center
(WTREC) in Jackson, TN. A field experiment was initiated in a continuous soybean
system in 2018 with six hardwood biochar rates ranging between 0 and 82 t ha-1, a
hardwood sawdust rate (0.22 t ha-1) and a hardwood sawdust rate amended with
nitrogen (0.1 t N ha-1) as treatments. In 2019 all the plots were sampled and analyzed
for soil total organic carbon (TOC), total nitrogen (TN), bulk density, soil pH,
penetration resistance, saturated hydraulic conductivity (Ksat), soil moisture content,
and soil-water retention. Increasing the biochar application rate from 0 to 82 t ha1

reduced the topsoil bulk density from 1.6 to 1.1 g cm-3 and increased TOC from 4.1

g/kg to 52 g/kg. Water infiltration and transmission were affected by the application
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of biochar rates greater than 5.5 t ha-1. This study demonstrated the potential of
biochar amendment in improving the quality and productivity of agricultural soils
affected by fluvial sediment deposits due to flooding.
Introduction
Loamy sands are known for their sandy textures, low water holding capacity,
and low yield (Novak et al., 2009). Loamy sands contain from 70 to 90% sand, 0 to
30% silt, and 0 to 15% clay. Due to the relatively small surface area and higher
proportion of macropores of the sand particles, sandy soils have a limited capacity for
water retention (Lehmann and Joseph, 2012). One of the ways to raise the water
holding capacity of sandy soils is to enhance the available soil surface area. The
application of biochar can improve soil properties and increase water holding
capacity by creating additional surface area and pore space. Biochar application can
also have other benefits to the soil and environment as a soil amendment (Ghosh et
al., 2012). Ghosh et al. (2012) found that adding biochar improved the quality of
different soil mixes, including the sandy soils. They observed that “sand-based soils
are often employed for heavy traffic locations and landscapes and offer excellent
resistance to compaction, but sand-based root zones have water and nutrient
deficiency problems”. In sandy soils, increasing water holding capacity so that plants
can meet their water and nutrient needs is important (Ghosh et al., 2012).
Biochar is the by-product of biomass pyrolysis when the plant-derived
materials are heated without oxygen to capture flammable gases (Xu et al., 2012).
Biochar yield and properties rely on the pyrolysis temperature, heating rate, and
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feedstock type. Generally, animal litter and solid waste generated a higher yield of
biochar compared to that from crop residues and wood biomasses (Enders et al.,
2012).
The conversion of biomass into biochar and its application to soils has been
suggested as one of the best ways to sequester C in soil and potentially decrease the
amount of greenhouse gases released into the atmosphere which in turn influences
climate change (Lehmann et al., 2008). The long-term stability of biochar in soil is a
good way to decrease carbon dioxide (CO2) emissions into the atmosphere by slowing
the rate at which photosynthetically fixed carbon (C) (Lehmann, 2007a; Cheng et al.,
2008; Kuzyakov et al., 2009; Sohi et al., 2010)
The addition of biochar can significantly increase organic matter content in
soils and increase soil fertility. It has been demonstrated that biochar can increase
plant growth efficiency, reduce leaching of nutrients, reduce soil acidity, improve
water quality, increase water retention, and reduce irrigation and fertilizer needs. The
plant uptake of key nutrients and growth efficiency significantly increased in
response to biochar usage, particularly when in the presence of added nutrients
(William and Falcao, 2006). Due to its high organic C content, biochar can serve as a
soil conditioner to improve the biological and physicochemical properties of soils
(Ahmad et al., 2014). There is a relationship between soil water holding capacity and
surface area of biochar, and the improved soil structure following biochar application
(Verheijen et al., 2010). The application of biochar in soils has shown to affect soil
structure, porosity, density, and particle size distribution. soil electrical conductivity
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and subsequent nutrient availability can be increased, and soil acidity can be
regulated by the addition of biochar. The increase of soil pH promoted by some
biochars can increase nutrient availability (Laird et al., 2010).
Mineral soils have much higher bulk density than biochar, therefore, using
biochar can reduce the total bulk density of the soil (Jeffery et al., 2011). Biochar can
improve agricultural productivity, particularly in low-fertility and degraded soil, and
may be a useful amendment for the poorest farmers in the world. Following the
application of biochar, it has been demonstrated that the loss of nutrients and
agricultural chemicals in the run-off can be decreased (Chien et al., 2011). Biochar
can reduce drought stress and increase the soil water-holding capacity in some
regions of the world (Woolf et al., 2010). Biochar is a good potential soil amendment
as it can increase carbon storage in soil, potentially increase the soil fertility and
improve water retention (Jha et al., 2010). Reductions in nutrient leaching have been
reported following biochar application (Sohi et al., 2010), as well as improvement in
seed germination, plant growth and crop yields (Glaser et al., 2002). By increasing
microbial populations, soil native C decomposition is accelerated (Kuzyakov et al.,
2009) and the chemical hydrolysis by increasing soil pH by biochar (Yu et al., 2013).
Others have shown that biochar increases the adsorption of dissolved organic C
(Pignatello et al., 2006).
Net soil surface area may be increased with biochar application to the soil and
may improve soil water retention (Chan, 2008). Solute and water transport in the
vadose zone depend on the size, distribution, shape, and configuration of the pores.
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The soil hydraulic properties and water storage, infiltration, groundwater recharge,
and also erosion and runoff are affected by these. Adding biochar changes not only
the water retention pattern, porosity, and pore distribution, but also the hydraulic
conductivity under saturated and unsaturated conditions (Villagra-Mendoza and
Horn, 2018).
Several soil-specific physical, hydraulic and chemical properties, as well as
several soil processes, can be changed by the addition of biochar. Biochar modifies
the pore size distribution and increases the water available for plants, as well as the
air capacity (Ajayi and Horn, 2016). Moreover, it increases the specific surface area
and, consequently, increases the filter and buffer capacity of the soil (Eibisch et al.,
2015; Burrell et al., 2016). Some authors have found a decrease in the saturated
hydraulic conductivity (Ksat) in coarse-textured soils, and the opposite effect in finertextured soils (Ajayi and Horn, 2016; Lim et al., 2016). The transport of water under
unsaturated conditions is enhanced by decreasing the formation of larger pores
(draining pores) and promoting finer inter-particle pore formation by biochar. In
coarse textures, biochar increases the water content within the pore diameter in the
range of 10 to 50 μm. This increases the unsaturated hydraulic conductivity for the
same matric potentials when compared to the unamended soil (Villagra-Mendoza and
Horn, 2018). When biochar is applied to the soil, it can alter soil hydrologic
properties and affect plant growth. Nutrient delivery is provided by water movement
and storage which are crucial in soils, especially in sandy soils (Liu et al., 2017).
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Study Objectives
This study was conducted to compare the impact of different biochar and
sawdust rates on soil properties on a sandy loam soil in west Tennessee. We
hypothesized that biochar and sawdust amendments under no-tillage management
would better regulate water flow, and increase water retention capacity, nitrogen
availability and soybean (Glycine max L.) yield in a sandy loam soil. Biochar should
also increase soil carbon and regulate soil acidity, reduce the bulk density and lower
penetration resistance.
Materials and methods
Site description and experimental design
The study was conducted on a previously flooded sandy-loam soil (coarseloamy, siliceous, active, acidic, thermic Aquic Udifluvent), located at the West
Tennessee Research and Education Center (WTREC) in Jackson, TN. The field had
last flooded 25 to 30 years ago and had been under a continuous soybean (Glycine
max L.) cropping system. The surface soil was a sandy loam (71% sand, 22% silt, 7%
clay). The initial soil pH was 5.71. The study was initiated in 2018 and other
conservation agriculture practices, such as no-till and winter cover crops were applied
across all treatments. For this study, all plots were sown with the same mixture of
winter cover crops: crimson clover (Trifolium incarnatum L.), winter peas (Pisum
sativum L.), winter oats (Avena sativa L.), cereal rye (Secale cereal L.), turnip
(Brassica rapa L.), nitro radish (Raphanus sativus L.). All plots were planted using
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no-till. In April 2018, five different rates of biochar and one rate of hardwood
sawdust was surface applied and unamended soil (control) in a randomized complete
block design (RCBD) with four replications per treatment. The biochar was produced
from 97% hardwood chips (mainly from wooden pallets) and 3% biosolids from
Lebanon, Tennessee. The hardwood sawdust was from a local sawmill. Biochar was
surface applied at 6.77, 13.5, 20.5, 41, and 82 t ha-1. The sawdust was applied at 0.22
t ha-1 and compared to sawdust amended with a one-time application of 0.1 t N ha-1.
There are 32 plots that are in the field. High and low temperatures at the study
location ranged from 26.8 °C to -0.72 °C and the average annual rainfall was 1375
mm.
Measurements of soil bulk density, cone penetration resistance, infiltration,
hydraulic conductivity, multiple gravimetric moisture content measurements, total
organic carbon, total nitrogen, pH and water holding capacity were conducted, as well
as soybean grain yield.
Biochar characterization
The biochar used in this study was a 97 % mixed hardwood chips (without
bark) and 3% biosolids from Lebanon, TN. It was produced by a gasification process
at 700℃. The properties of biochar are listed below in Table 2.
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Table 2 Physico-chemical properties of biochar
Biochar
pH (H2O)

9.25

Total C (g C kg-1)

830

Total N (g N kg-1)

10.5

C:N ratio

79:1

Moisture content (%)

61.2

Surface area (m2 g-1)

263

Ash content (%)

5.2

Soil sampling
Soil samples were collected on September 2018 and October 2019 by using
2.5 cm diameter stainless steel soil probes. The depths for the sampling was 0 to 5 cm
and 5 to 15 cm. Samples were collected randomly from different locations in each
plot and were mixed, packed and transferred to the soil management laboratory at the
University of Tennessee in Knoxville for analysis.
Soil organic carbon and total nitrogen
Soil samples were air-dried, ground then passed through a 2 mm sieve. Soil
organic carbon and total nitrogen were measured by CN analyzer ((Elementar vario TOC
cube, Germany) by using a dry-combustion method. Catalytic combustion of soil by high
temperatures (950 °C) in the air environment was conducted (Vitti et al., 2016).
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Water infiltration and hydraulic conductivity
In both years the infiltration test was conducted in-situ using a double-ring
infiltrometer with 10.2 cm high, 15.3 cm inner and 30.5 cm outer ring diameter (IN7W - Turf-Tec International, Tallahassee, FL) by applying a falling head infiltration
test. The unsaturated falling head approach was applied to observe the fall of the
water level with time. A 5 cm depth was used to insert the infiltrometer into the soil
surface between the cropping rows. A decrease in water level in the inner cycle was
observed between 2 minutes and 2 hours until the infiltration rate is slowed down.
Finally, the interval of water that is infiltrated in each time was plotted versus the
time of measurement for cumulative infiltration and infiltration rate calculations.
Hydraulic conductivity at each subplot was determined based on infiltration data
using the method provided by (Bagarello et al., 2004). In the second year, both
double-ring infiltrometer and SATURO (METER Group, Inc., Pullman WA) were
used to calculate saturated hydraulic conductivity. The SATURO (METER Group,
Inc., Pullman WA) is basically an automated, single ring infiltrometer using a water
tank and pump. The infiltration rates differ depending on soil texture at the
measurement site, pressure parameter, and time (Radinja et al., 2019). The equation is
used to calculate saturated hydraulic conductivity provided by (Bagarello et al.,
2004).
Equation 3
𝐾!" = *
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Where,
qs: Qs/πα2 (cm/min-1) is the quasi-steady infiltration rate out of the cylinder
Qs: (cm3/min) is the corresponding quasi-steady flow rate
a: (cm) is the inside radius of the cylinder
H: (cm) is the steady depth (head) of ponded water in the cylinder
d: (cm) is the depth of cylinder insertion into the porous medium
α*(cm-1): is the sorptive number of the porous medium
C1: dimensionless quasi empirical constants that apply for d >3 cm and H > 5 cm
C2: dimensionless quasi empirical constants that apply for d >3 cm and H > 5 cm
Bulk density
A gamma backscatter nuclear gauge was used to determine the bulk density.
The backscatter gauges method relies on photons being scattered in the soil (AlShammary et al., 2018). The gauge consists of a detector, and a source that is in a
holder. As the detector is on a side of a column, the source is on the inverse side. For
processing of the density of the material, the source transmits radiation via column.
Transmitted radiation amount switches as the density of soil changes. The nuclear
gauge is widely used to measure bulk density due to being convenient and easy to use
(Shaikh and Al-Dahhan, 2013).
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Soil pH and penetration resistance
A pH meter (Mettler-Toledo AG, Switzerland) was used to detect soil pH. 5 g
of 2 mm sieved soil samples were suspended with 25 ml of Milli-Q water.
For penetration resistance measurements, a hand-pushed digital penetrometer
(Field Scout, SC 900 Soil Compaction Meter; Spectrum Technologies, Inc.,
Plainfield, IL, USA) was used. For each replicate, three measurements were taken by
placing the penetrometer from top to 30 cm soil depth with 2.5 cm depth increments.
Soil volumetric water content
Soil volumetric water content was measured by the CS650 soil moisture and
temperature sensor (Campbell Scientific, Inc.). The sensor consists of two stainless
steel rods that are 30 cm long, 3.2 mm diameter, and connected to a circuit board. The
circuit board is covered with epoxy, and a cable provides a connection between
datalogger and the circuit board. Five-conductor cable helps CS650 by providing
energy and communication. By that, it is intended to provide communication between
CS650 and Campbell Scientific dataloggers.
CS650 sensor was inserted soil in vertically to monitor soil volumetric water
content between 0-30 cm into the soil. The sensor measurements were made every 30
minutes.
Soil water retention (HYPROP)
In this study, the HYPROP (METER Group Inc, Pullman, WA,) evaporation
method was used to determine soil water retention. This measurement system
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includes two different depth (1.25 cm and 3.75 cm) pressure head measurements
within a soil column which is 5 cm. HYPROP measurement system determines water
contents and fluxes by weighing the sample. Water retention and unsaturated
hydraulic conductivity data are obtained from measured pressure heads, fluxes, and
water contents (Bezerra-Coelho et al., 2018). In this system, repeated weighing
measures the rate of evaporation, two depths (1.25 cm and 3.75 cm) are used to
determine time versus pressure heads data. These measurements were done by
HYPROP last until the reaches a certain value and drops from the value (Schindler et
al., 2010).
Statistical analysis
Biochar's effect on soil properties was evaluated by analysis of variance
(ANOVA) based on the Generalized Linear Mixed Model (GLIMMix). Fisher’s
protected least significant difference in SAS 9.4 (SAS Institute, Cary, NC, 2013) was
used to evaluate the differences among treatment means at P < 0.05.
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Results
Soil total organic carbon (TOC)
In this study, the highest rate of biochar (82 t ha-1) resulted in a statistically
higher TOC compared to the other biochar and sawdust rates at both depths. The 82 t
ha-1 of biochar had higher TOC content (52.0 g/kg) at 0-5 cm than the control (4.1
g/kg), and at 5 cm to 15 cm depth with 3.5 g/kg compared to control 1.6 g/kg in the
first year (Figure 13, 14).
In 2019, the highest amount of biochar (82 t ha-1) increased TOC at 0-5 cm
from 3.8 g/kg to 70.8 g/kg compared to 2018 (Figure 15). The 82 t ha-1 biochar
amendment treatment had a significantly higher TOC content (70.8 g/kg) followed by
41 t ha-1 and 20.5 t ha-1 of biochar (27.68 g/kg and 17.29 g/kg) and sawdust and
sawdust plus N (13.0 g/kg and 12.0 g/kg respectively) at the 0 to 5 cm depth in 2019
(Figure 15). At the 5 to 15 cm depth TOC increased from 1.80 g/kg to 3.54 g/kg in
2019, similar to the 2018. Other biochar application rates increased TOC at 5 to 15
cm compared to the control. Biochar applied to the soil with 82 t ha-1 and 6.77 t ha-1
had higher TOC content (3.54 g/kg and 3.06 g/kg respectively) than unamended soil
(1.81 g/kg) in 5 to 15 cm (Figure 16). In both years and at both depths, 82 t ha-1 of
biochar enhanced TOC significantly compared to control.
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Figure 13. Soil total organic carbon (TOC) in response to 6.77, 13.5, 20.5, 41, and 82 t ha-1
biochar and 0.22 t ha-1 sawdust and 0.22 t ha-1 sawdust + 0.1 t N ha-1 application at 0-5 cm in
2018. Different letters denote statistically different means at P < 0.05 and error bars represent
standard error of the means (n=4).

Figure 14. Soil total organic carbon (TOC) in response to 6.77, 13.5, 20.5, 41, and 82 t ha-1
biochar and 0.22 t ha-1 sawdust and 0.22 t ha-1 sawdust + 0.1 t N ha-1 application at 5-15 cm in
2018. Different letters denote statistically different means at P < 0.05 and error bars represent
standard error of the means (n=4).
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Figure 15. Soil total organic carbon (TOC) in response to 6.77, 13.5, 20.5, 41, and 82 t ha-1
biochar and 0.22 t ha-1 sawdust and 0.22 t ha-1 sawdust + 0.1 t N ha-1 application at 0-5 cm in
2019. Different letters denote statistically different means at P < 0.05 and error bars represent
standard error of the means (n=4).

Figure 16. Soil total organic carbon (TOC) in response to 6.77, 13.5, 20.5, 41, and 82 t ha-1
biochar and 0.22 t ha-1 sawdust and 0.22 t ha-1 sawdust + 0.1 t N ha-1 application at 5-15 cm in
2019. Different letters denote statistically different means at P < 0.05 and error bars represent
standard error of the means (n=4).
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Water infiltration and hydraulic conductivity (Ksat)
For this measurement, the use of both the double ring infiltrometer and
automated SATURO was compared. Both instruments showed similar readings. The
three highest rates of biochar (20.5 t ha-1, 41t ha-1 and 82 t ha-1) for double ring
infiltrometer were 0.00035 cm/sec (1.26 cm/hour), 0.00011 cm/sec (0.39 cm/hour),
and 0.00017 cm/sec (0.62 cm/hour) (respectively) and SATURO (0.0021 cm/sec
(7.56 cm/hour), 0.0006 cm/sec (2.16 cm/hour), and 0.001 cm/sec (3.6 cm/hour)
respectively) indicated the lowest Ksat value (Figure 17). The Ksat values for 82 t ha1

of biochar were that SATURO was 0.001 cm/sec (3.6 cm/hour), and double ring

infiltrometer was 0.0001 cm/sec (0.36 cm/hour). The control plot’s results were
0.0075 cm/sec (27 cm/hour) for the SATURO, and 0.0066 cm/sec (23.76 cm/hour)
for the double ring infiltrometer (Figure 17). Ksat values of sawdust (0.0026 cm/sec
(9.36 cm/hour) for SATURO and 0.0022 cm/sec (7.92 cm/hour) for double-ring
infiltrometer) and sawdust plus N (0.0019 cm/sec (6.84 cm/hour) for SATURO and
0.0008 cm/sec (2.88 cm/hour) for double-ring infiltrometer) treatments were also
lower than control (0.0075 cm/sec (27 cm/hour) for SATURO and 0.0066 cm/sec
(23.76 cm/hour) for double-ring infiltrometer), but still they were higher than all
biochar treatments except 13.5 t ha-1 biochar (0.0041 cm/sec (14.76 cm/hour) for
SATURO and 0.0032 cm/sec (11.52 cm/hour) for double-ring infiltrometer). The
highest Ksat value was observed under the unamended soil.
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Figure 17. Saturated hydraulic conductivity Ksat in response to 6.77, 13.5, 20.5, 41, and 82 t ha-1
biochar and 0.22 t ha-1 sawdust application and 0.22 t ha-1 sawdust + 0.1 t N ha-1 using doublering infiltrometer and SATURO.

Bulk density
Bulk density was significantly lower following the application of the highest
rate of biochar (82 t ha-1) with a bulk density of 1.13 g/cm3 compared to the other
biochar rates and the control (1.48 g/cm3). The unamended controls and 6.77, 13.5
and 20.5 t ha-1 biochar rates had higher soil bulk density with 1.48, 1.46, 1.46 and1.41
g/cm3 (respectively) at the 0 to 5 cm soil depth. Compared to the control, sawdust
decreased bulk density significantly in the first year after biochar application (Figure
18). At 5 to 15 cm, bulk density under all rates of biochar amendment and sawdust
decreased in 2018. At the 5 cm to 15 cm depth the biochar (82 t ha-1), and both
sawdust treatments significantly decreased bulk density to 1.29 g/cm3, 1.46 g/cm3 and
1.50 g/cm3 (respectively) compared to 1.65 g/cm3 in the control (Figure 19).
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Figure 18. Soil bulk density in response to 6.77, 13.5, 20.5, 41, and 82 t ha-1 biochar and 0.22 t ha1
sawdust 0.22 t ha-1 sawdust + 0.1 t N ha-1 application at 0-5 cm. Different letters denote
statistically different means at P < 0.05 and error bars represent standard error of the means
(n=4).

Figure 19. Soil bulk density in response to 6.77, 13.5, 20.5, 41, and 82 t ha-1 biochar and 0.22 t ha1
sawdust 0.22 t ha-1 sawdust + 0.1 t N ha-1 application at 5-15 cm in 2018. Different letters denote
statistically different means at P < 0.05 and error bars represent standard error of the means
(n=4).
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Soil moisture content
Daily soil water content was monitored in during 2018 and 2019. The longest
continued record occurred between November 2018 and April 2019 at 30 cm depth.
The highest water content was observed with the highest biochar application rate
compared to unamended soil. In addition, at the top 30 cm, biochar at 82 t ha-1
significantly increased water content. Applying biochar at 20.5 t ha-1, 41 t ha-1, and 82
t ha-1 increased the soil moisture compared to the unamended soil. No difference in
soil water content was observed at the 20.5 t ha-1 and 41 t ha-1 biochar application
rates. Similarly, there was no difference in soil moisture contents following the
application of biochar at 6.77 t ha-1 and 13.5 t ha-1. Although all treatments decreased
rapidly on March 15 and started increasing again after April 7 due to low
precipitation in March (Figure 20).

Figure 20. Volumetric water content in response to 6.77, 13.5, 20.5, 41, and 82 t ha-1 biochar and
0.22 t ha-1 sawdust 0.22 t ha-1 sawdust + 0.1 t N ha-1 application at 0-30 cm depths in 2018-2019.
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Soil total nitrogen (TN)
The TN was measured for 0-5 cm and 5-15 cm soil depths for both years. No
significant impact was found at below 5 cm in both years. The highest biochar rate
(82 t ha-1) had the highest TN compared to the other biochar and sawdust rates, and
the control at 0-5 cm. Soil TN concentrations increased from 1.22 mg/kg to 2.35
mg/kg in the first year at 0-5 cm (Figure 21). By the second year, a significant
increase was observed in TN compared to the first year. The 82 t ha-1 rate of biochar
increased TN from 3.42 mg/kg (in 2018) to 10.95 mg/kg (in 2019). In 2019, the
control plot had a lower TN content (3.42 mg/kg) than 20.5 t ha-1, 41 t ha-1 and 82 t
ha-1 of biochar rates of 5.5 mg/kg, 6.32 mg/kg and 10.95 mg/kg (respectively) and the
sawdust rates (Figure 22).

Figure 21. Soil total nitrogen in response to 6.77, 13.5, 20.5, 41, and 82 t ha-1 biochar and 0.22 t
ha-1 sawdust 0.22 t ha-1 sawdust + 0.1 t N ha-1 application at 0-5 cm in 2018. Different letters
denote statistically different means at P < 0.05 and error bars represent standard error of the
means (n=4).
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Figure 22. Soil total nitrogen in response to 6.77, 13.5, 20.5, 41, and 82 t ha-1 biochar and 0.22 t
ha-1 sawdust 0.22 t ha-1 sawdust + 0.1 t N ha-1 application at 0-5 cm in 2019. Different letters
denote statistically different means at P < 0.05 and error bars represent standard error of the
means (n=4).

Soil pH
In 2018, the soil pH was significantly higher under the highest biochar rated
(82 t ha-1) compared to the control (5.99 pH) at the 0 to 5 cm depth. Soil pH was not
statistically between the other treatments (Figure 23). In 2019, 20.5 t ha-1, 41 t ha-1 and
82 t ha-1 of biochar application increased soil pH (6.31, 6.31 and 6.76 respectively)
significantly at the 0 to 5 cm depth compared to control. There was not difference
observed for the 6.8 and 13.5 t ha-1 biochar or sawdust treatments at 0 to 5 cm (Figure
24).
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Figure 23. Soil pH in response to 6.77, 13.5, 20.5, 41, and 82 t ha-1 biochar and 0.22 t ha-1
sawdust 0.22 t ha-1 sawdust + 0.1 t N ha-1 application at 0-5 cm in 2018. Different letters denote
statistically different means at P < 0.05 and error bars represent standard error of the means
(n=4).

Figure 24. Soil pH in response to 6.77, 13.5, 20.5, 41, and 82 t ha-1 biochar and 0.22 t ha-1
sawdust 0.22 t ha-1 sawdust + 0.1 t N ha-1 application at 0-5 cm in 2019. Different letters denote
statistically different means at P < 0.05 and error bars represent standard error of the means
(n=4).
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Cone penetration resistance (PR)
In the first year of biochar application, cone penetration resistance was
significantly decreased after the addition of the amendments compared to the control.
Cone penetration of control was about 2-fold higher than 82 t ha-1 of biochar in 2018
(Figure 25). In 2019, biochar application increased penetration resistance. As the
biochar application rate increased, PR also increased in the second year. Compared to
the control all biochar treatments had lower PR (Figure 26). The control showed the
highest PR compared to all treatments after 2 years of the application.

Figure 25. Soil cone penetration in response to 6.77, 13.5, 20.5, 41, and 82 t ha-1 biochar and 0.22
t ha-1 sawdust 0.22 t ha-1 sawdust + 0.1 t N ha-1 application at 0-30 cm in 2018. Different letters
denote statistically different means at P < 0.05 and error bars represent standard error of the
means (n=4).
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Figure 26. Soil cone penetration in response to 6.77, 13.5, 20.5, 41, and 82 t ha-1 biochar and 0.22
t ha-1 sawdust 0.22 t ha-1 sawdust + 0.1 t N ha-1 application at 0-30 cm in 2019.

Water retention
Water retention curves showed that the application of different rates of biochar
affected the soil water holding capacity of sandy loam soil after 2 years. Higher saturated
water content was observed under the different rates of biochar treatments. Biochar
application rate of 6.77 t ha-1 and control treatment demonstrated similar saturated
moisture contents. Application of 6.77 t ha-1 of biochar did not improve water holding
capacity of sandy loam soil greater than that in control treatment. Addition of 13.5 t ha-1
and 82 t ha-1 of biochar, however considerably increased water holding capacity. As
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shown in Figure 27, higher biochar rates also caused the multimodality of water retention
curve, meaning that applied biochar added new ranges of medium-size pore classes to
soil medium. This new pore spaces increased soil moisture content in relatively higher
suction heads (drier soil condition). The best result was obtained by 82 t ha-1 of biochar
which indicates that the increased biochar rate (within the applied range) increases the
soil total porosity and improves pore size distribution. (Figure 27).

Figure 27. Water retention in response to 6.77, 13.5, 20.5, 41, and 82 t ha-1 biochar and 0.22 t ha-1
sawdust 0.22 t ha-1 sawdust + 0.1 t N ha-1 application at 0-5 cm in 2019.
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Discussion
Effect of biochar on TOC
At 0 to 5- cm and 5 to 15 cm depths, the TOC of the 82 t ha-1 biochar rate was
significantly higher than the unamended soil at 0 to 5 cm depth in both years. At 5cm
to 15-cm depth, the highest rate and 6.77 t ha-1 of biochar increased TOC content
significantly compared to control (1.81 g/kg) in the second year. The TOC increased
under all rates of biochar and sawdust amendment compared to the unamended
control. (El-Naggar et al., 2018) found that TOC increased in top 10 cm two years
after biochar (from wheat straw and peanut shells at 500 °C) application. They
compared the effect of biochar application on three soils with different textures
(coarse sand-size, fine sand-size, and silt clay sand-size). Compared to the
unamended control, TOC in soil amended with 8 t ha-1 biochar was 13% higher in the
coarse sand-soil, 36% higher in the fine sand soil and 53% higher in the silt clay
textured soil. A study in Denmark evaluated SOC levels in a sandy loam soil after the
application of 10, 20 and 50 t ha-1 of birch wood biochar pyrolyzed at 500 °C (Arthur
et al., 2015). All biochar applications increased SOC in both years compared to the
control. The soil amended with 50 t ha-1 biochar had 30% higher SOC in second year
than the first year. The observed increase in TOC was attributed to biochar’s high
carbon content. In both years the increase in TOC at the top of the soil after
application of 82 t ha-1 of biochar might be because the highest rate of biochar
increased microbial biomass at 0-5 cm depth.
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Effect of biochar on saturated hydraulic conductivity (Ksat)
Water movement and retention in a soil profile is predicted by Ksat which is
an important soil physical property (Quin et al., 2014). It was observed that
application of biochar decreased the Ksat in sandy loam soil, especially at the 41 t ha1

and 82 t ha-1 of biochar, after two years of the experiment, compared with the

unamended control (Figure 17). Addition of sawdust also lowered the Ksat compared
to the unamended control after 2 years. Similar results were found in a laboratory
experiment conducted in Alabama by (Githinji, 2014). Githinji (2014) looked at the
soil physical and hydraulic properties of a sandy loam soil after different rates of
biochar derived from peanut hulls (Arachis hypogaea) were applied. In this study it
was reported that function of biochar application decreased Ksat in sandy soil as
biochar application rates increased from 0% to 100% v/v. In Texas, Barnes et al.
(2014), observed that 133 t ha-1 of biochar (produced from mesquite wood (Prosopis
sp.) at 400 °C) decreased Ksat around 92% in a sandy soil compared to unamended
soil. In a fine sandy soil in Germany, Ajayi and Horn (2016) reported that Ksat was
decreased after application of 80 t ha-1 and 160 t ha-1 of biochar (derived
from woodchips pyrolyzed at 500 °C) after 200 days. Another study showed that
saturated hydraulic conductivity decreased as a result of biochar application (25%
(v/v)) in sand-based root zones in Iowa (Brockhoff et al., 2010).
The lower Ksat following biochar application compared to unamended soils is
explained by biochar’s relatively high surface area and pores. Thus, biochar increase
water retention and decrease infiltration rate (Githinji, 2014; Ajayi and Horn, 2016).
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Pyrolysis conditions and feedstock type can influence biochar properties and thus
Ksat. Biochars produced under lower temperatures tend to display higher water
repellency characteristics (Kinney et al., 2012; Jeffery et al., 2015).
Saturated hydraulic conductivity is affected by texture, organic matter content,
clay content and aggregation (West et al., 2008). Asai et al. (2009) reported that
biochar increased saturated hydraulic properties in a silt clay loam soil amended with
biochar from teak wood residues (Tectona grandis L.) after 60 days.
Biochar effect on total nitrogen (TN)
It was observed that TN increased by 90% after amending the soil with the
highest rate of biochar (82 t ha-1) compared to the unamended control in 2018. Other
biochar rates and the sawdust showed no significant difference compared to control in
the first year after application. The TN was not different at the 5 to 15 cm depth 2
years after application. At 0 to 5 cm depths in 2019 the TN under 82 t ha-1 of biochar
was significantly higher (10.95 mg/kg) than the unamended soil (3.42 mg/kg) in
2018. Except for the 6.77 t ha-1 and 13.5 t ha-1 of biochar rates, all treatments
increased TN significantly compared to the unamended soil in the second year. Other
studies have showed that the application of biochar increases soil nitrogen, and that N
leaching can be decreased (Kanthle et al., 2016; Wang et al., 2016). El-Naggar et al.
(2018) investigated changes in TN two years in biochar-amended soils, on soils with
three different textures (a coarse sandy soil, a sandy soil, and silt/clay sandy soil). It
was found that compared to control, 8 t ha-1 application of biochar increased TN
content of coarse sand by 36% and the fine sandy - soils by 10% (El-Naggar et al.,
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2018). In an other study, it was observed that biochar-amended soil increased total
nitrogen by 7% and decreased nitrate (NO3-) leaching (Laird et al., 2010). In Ethiopia
(Berihun et al., 2017) assessed soil acidity and chemical properties after biochar
(from corn cobs) amendment in an Ultisol . They observed that 12 t ha-1 and 18 t ha-1
of increased the TN of acidic soil because the feedstock is rich in nitrogen (7.2 g/kg).
The increase is attributed to biochar’s pyrolysis condition and feedstock type.
Feedstock type affects nitrogen value of biochar and it also affects soil total nitrogen
indirectly (Barnes et al., 2014). The nitrogen concentration of biochar used in this
study was 10.5 g/kg, which resulted in an increase in TN, especially at the higher
rates. However, because of biochar’s sorptive properties, biochar can cause an
increase or decrease in losses of nitrogen in soil (Barnes et al., 2014). Sawdust
application also increased TN. It might be because we applied 100 kg N ha-1 with
sawdust and initial N content of sawdust.
Effect of biochar on soil bulk density
The application of biochar significantly decreased the bulk density in
comparison with control at 0 to 5 cm and 5 cm to 15 cm in 2018. The highest rate of
biochar (82 t ha-1) reduced the soil bulk density by 30% compared to the control.
Sawdust also decreased bulk density significantly at top 5 cm in the first year of
biochar application (Figure 18). At 5 cm to 15 cm, only the 82 t ha-1 biochar rate had
a lower bulk density than unamended soil. The 82 t ha-1 biochar rate, sawdust and
sawdust with nitrogen significantly decreased bulk density by 27%, 13% and 10%
(respectively) in comparison with control over 5 cm depth (Figure 19). Similarly,
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Blanco-Canqui. (2017), observed that biochar (made from corn residue and peanut
shells) reduced bulk density in loam soils, and as the rate of biochar increases, bulk
density decreased in sandy loam. In a clay loam soil biochar (produced from mixed
hardwood at 450 °C) applied at less than 60 t ha-1 decreased bulk density more than
biochar applied at more than 60 t ha-1 (Rogovska et al., 2016). In Alabama, Githinji
(2014) evaluated changes in soil physical and hydraulic properties of a sandy loam
soil under different rates of biochar derived from peanut hulls (Arachis hypogaea L.)
It was reported that as biochar rates increased from 0% to 25%, 50% and 100% v/v,
bulk density decreased. Reductions in bulk density after the application of biochar is
due to the lower bulk density of biochar (<0.6 g/cm3) compared to the soil (~1.25
g/cm3). Bulk density might be reduced due to the fact that biochar’s bulk density is
relatively low (Verheijen et al., 2010).
Effect of biochar on soil pH
The soil pH under the highest biochar rate (82 t ha-1) was 6.9 and it was higher
than control (5.99 pH) in 2018. Soil pH of the other treatments was not statistically
different compared to the control at the 0 to 5 cm depth (Figure 23). There was no
significant effect of any treatments on soil pH after 5 cm depth in both years. In 2019,
20.5 t ha-1, 41 t ha-1 and 82 t ha-1 of biochar application increased soil pH (6.31, 6.31
and 6.76 respectively) significantly at 0-5 cm depth compared to control. Although
6.77 and 13.5 t ha-1 of biochar and sawdust treatments had higher soil pH, the
difference was not statistically significant at 0-5 cm (Figure 24). Berek and Hue
(2016) investigated the liming impact of six biochars on acid soil in greenhouse and
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laboratory experiments. Soil pH increase was observed from both the experiments.
Biochar produced from the lac tree (Schleichera oleosa L.) increased soil pH from 4.5
to 5.9 at 48 t ha-1 application rate and from 6.3 to 6.9 at 96 t ha-1 application rate in a
greenhouse experiment, the same biochar increased soil pH from 4.0 to 5.1 at 192 t
ha-1 application rate in a field experiment (Berek and Hue, 2016). The experiment
found that although using the highest biochar application rate (at 8 % v/v), pH
increase was lower in the field experiment. In the same study, biochar produced from
rice husk at 8% v/v application rate increased soil pH from 4.0 to 5.1. The differences
in soil pH between both fields depend on many factors such as feedstock type of
biochar, pyrolysis condition, and temperature and aging of biochar in soil (Berek and
Hue, 2016). Ronnse et al. (2013) concluded that the final biochar composition is
mostly influenced by process temperature compared to the other parameters. When
biochar production temperature was around 500-700 °C, biochar’s liming effect
increased (Wan et al., 2014). Biochar produced at 300-400 °C had an average 5.01 pH
value, biochar obtained at 600-700 °C had 9.00 pH (Lehmann and Joseph, 2015).
Brewer at al. (2011) compared the effect of 17 biochars produced at different
temperatures on soil pH. Biochars produced from switchgrass (Panicum virgatum L.)
at 790-830 °C significantly increased soil pH in Nicollet soil (fine-loamy, mixed,
superactive, mesic Aquic Hapludoll) after an 8 week soil incubation (Brewer et al.,
2011). Although biochar can correct soil acidity, the impact on soil acidity might
show variability because of biochar application rates, feedstock type, pyrolysis
condition, and soil type (Dai et al., 2017).
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Effect of biochar on yield
No significant yield differences were observed between treatments compared to
control in loamy sand soil. Although yield of 82 t biochar ha-1 was higher 2521 kg ha1

than control (2000 kg ha-1), the difference was not significant. Our result is in

accordance with other researchers’ findings. In a two-year study on a sandy loam soil
Nelissen et al. (2015) reported that the 0 t ha-1 and 20 t ha-1 biochar amendment were
applied to soil to observe the yield changes. It has been found that both treatments
showed no significant effect on crop productivity and grain yield in the first two
years. It was reported that an Amazonian oxisol amended with 8, and 20 t ha-1 biochar
showed an insignificant impact on corn yield compared to the control in the both
years (Lychuk et al., 2015). The results of biochar usage depend on a number of
factors including, feedstock type, biochar application rate, soil type, crop species
fertilizer type and climate. Although biochar application increased soil properties and
plant biomass in two years, it was not translated into higher crop yield. A metaanalysis showed that biochar usage (<5 t ha-1 and >150 t ha-1) in coarse and medium
textured soils did not increase yields (Jeffery et al., 2011). The insignificant effect of
biochar on yield might also be attributed to the soil fertility status and dry periods of
the season. Biochar addition might be resulted in positively in terms of soil physical
properties, but it might take more than 2 years to translate into crop productivity
(Nelissen et al., 2015).
Unlike our findings, in a meta-analysis collected data from 59 pot and 57 field
experiments from 21 countries, biochar application resulted in a smaller yield
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increase in the field (9.1%) compared to pot studies (11.1%) in sandy soils. Biochar
application increased crop yield by 11% compared to the control in sandy soil (Liu et
al., 2013). The increase is due to increased water holding capacity and liming effect
of biochar (Jeffery et al., 2011; Liu et al., 2013)
Effect of biochar on penetration resistance PR
In the first year after biochar application, cone penetration resistance was
lower under all treatments compared to the unamended controls. Cone penetration of
control was about 2-fold higher than 82 t ha-1 of biochar in 2018 (Figure 25). In
Turkey (Negiş et al., 2020) observed that amending a sandy clay loam soil with 2%
and 4% biochar by volume decreased PR compared to unamended soil in Turkey. The
decrease is due to the increase in soil organic matter after biochar application (Celik
et al., 2010). In 2019, biochar application had increased penetration resistance. As
biochar application rate increased, PR also increased in the second year. Compared to
the control, 6.77, 13.5, 20.5, 41, and 82 t ha-1 of biochar amendment had greater PR
33%, 29%, 41%, 41% and 40% respectively (Figure 26). The control showed the
lowest PR compared to all treatments after 2 years of the application. Since most
studies measure penetration resistance soon after biochar application, more studies
are required to measure changes over time. The increase might be due to degradation
of biochar and increase in smaller pore size compared to first year of application. The
increase might also be due to the soil moisture during the measurement.
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Effect of biochar on moisture content
Soil water content was monitored every 30 mins between November 2018 and
April 2019 under different rates of biochar and sawdust application at a 30 cm depth
in a sandy loam soil. The highest water content was observed at the highest biochar
rate compared to the unamended soil at a depth of 30 cm. The 20.5 t ha-1, 41 t ha-1 and
82 t ha-1 rates of biochar application resulted in higher water content than unamended
soil. The 20.5 t ha-1 and 41 t ha-1 biochar application rates had similar results in soil
water content. Biochar at 6.77 t ha-1 and 13.5 t ha-1 and sawdust rates had similar
results (Figure 20). Githinji. (2014) found similar results in a sandy loam soil in
Alabama using a biochar derived from peanut hulls (Arachis hypogaea L.). As
biochar rates increased from 0% to 25%, 50% and 100% v/v, volumetric water
content increased. In a greenhouse experiment Basiri Jahromi et al. (2020), found a
similar result in soil moisture content under different rates of the same biochar (10%
and 20% by volume) and the same soil. In a silt loam soil in New Zealand,
researchers found a significant increase in volumetric water content biochar
(produced from corn stover (Zea mays L.)) compared to unamended soil after 295
days of incubation (Herath et al., 2013). The increase is due to the fact that total
porosity, pore size distribution increased by biochar application. Researchers in
Arizona found higher volumetric water content in sandy loam soil amended with
biochar than unamended soil in greenhouse experiment after 30 days of biochar
application (Fehmi et al., 2019). The increase in volumetric water content under
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biochar application is also explained by lower Ksat and higher water retention
(Phillips et al., 2020).
Effect of biochar on soil-water retention
Water retention curves showed that the application of different rates of
biochar increased soil water content of sandy loam soil after 2 years. Higher water
contents were observed following biochar amendments. The 6.77 t ha-1 biochar rate
and control demonstrated similar results in saturated moisture content. The 13.5 t ha-1
and 82 t ha-1 rates of biochar increased water holding capacity (Figure 27). In a
greenhouse study in the same soil with different biochar rates (10% and 20% by
volume) improved water retention compared to the unamended control (Basiri
Jahromi et al., 2020). A higher water content was observed in a pure silica amended
with a pine wood biochar at rates of 5%, 10% and 20%compared to an unamended
soil (Trifunovic et al., 2018). Glaser et al. (2002) reported that the addition of biochar
increased soil water retention in sandy soil but had no effect in a loamy soil. It was
hypothesized that the biochar stores water within the pore spaces and thus increases
soil water retention (Basso et al., 2013) and increase water available during dry
periods (Verheijen et al., 2010; Ajayi and Horn, 2016, 2017). It has been also
observed that soil water retention increased with increased aggregate stability after
biochar application (Sun and Lu, 2014). The increase is also attributed that plant
available water, micro porosity, total porosity, and specific surface area increased on
coarse-grained soil where biochar had been applied, due to the fine biochar particles
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filling large-sized pores which are transformed to medium and fine pores (Ajayi and
Horn, 2016: 2017).
Conclusion
This study demonstrated that some soil chemical, physical and hydraulic
properties improved by applying biochar to a sandy loam soil. Biochar increased soil
porosity and reduced the soil bulk density. Since biochar is carbon-rich product, it
increased soil TOC at the highest rate of biochar application (82 t ha-1) at both depths
(0 to 5 cm and 5 to 15 cm) in both years. As the application rate of biochar increased,
moisture content and water retention increased. The Ksat values were significantly
lower with the 20.5, 41 and 82 t/ha rates of biochar amendment, as measured by
double ring infiltrometer and SATURO. Amending the soil with biochar at 82 t/has
significantly decreased soil bulk density. Biochar increased the TN at 0 to 5 cm depth
with 82 t biochar ha-1 but not at at 5 cm to 15 cm. No significant soybean yield
differences were observed between treatments in this study, but this may be different
in a year will less favorable rainfall.
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